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ABSTRACT OF THE DISSERTATION 
ACCLIMATIZATION OF THE TROPICAL REEF CORAL ACROPORA MILLEPORA 
TO HYPERTHERMAL STRESS 
by 
Anthony John Bellantuono 
Florida International University, 2013 
Miami, Florida 
Professor Mauricio Rodriguez-Lanetty, Major Professor 
 The demise of reef-building corals potentially lies on the horizon, given ongoing 
climate change amid other anthropogenic environmental stressors. If corals cannot 
acclimatize or adapt to changing conditions, dramatic declines in the extent and health of 
the living reefs are expected within the next half century. 
The primary and proximal global threat to corals is climate change. Reef-building corals 
are dependent upon a nutritional symbiosis with photosynthetic dinoflagellates belonging 
to the group Symbiodinium. The symbiosis between the cnidarian host and algal partner is 
a stress-sensitive relationship; temperatures just 1°C above normal thermal maxima can 
result in the breakdown of the symbiosis, resulting in coral bleaching (the loss of 
Symbiodinium and/or associated photopigments) and ultimately, colony death. As ocean 
temperatures continue to rise, corals will either acclimatize or adapt to changing 
conditions, or will perish. By experimentally preconditioning the coral Acropora 
millepora via sublethal heat treatment, the coral acquired thermal tolerance, resisting 
bleaching during subsequent hyperthermal stress. The complex nature of the coral 
holobiont translates to multiple possible explanations for acclimatization: acquired 
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thermal tolerance could potentially originate from the host itself, the Symbiodinium, or 
from the bacterial community associated with the coral. By examining the type of in 
hospite Symbiodinium and the bacterial community prior acclimation and after thermal 
challenge, it is shown that short-term acclimatization is not due to a distinct change in the 
dinoflagellate or prokaryote community. Though the microbial partnerships remain 
without considerable flux in preconditioned corals, the host transcriptome is dynamic. 
One dominant pattern was the apparent tuning of gene expression observed between 
preconditioned and non-preconditioned treatments, showing a modulated transcriptomic 
response to stress. Additionally several genes were upregulated in association with 
thermal tolerance, including antiapoptotic genes, lectins, and oxidative stress response 
genes. Upstream of two of these thermal tolerance genes, inhibitor of NFκB and 
mannose-binding lectin, DNA polymorphisms were identified which vary significantly 
between the northern and southern Great Barrier Reef. The impact of these mutations in 
putative promoter regions remains to be seen, but variation across thermally-disparate 
geography serves to generate hypotheses regarding the role of regulatory element 
evolution in a coral adaptation context. 
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Chapter 1: Introduction 
1.1 Climate change, the potential loss of the world’s coral reefs, and the importance 
of understanding coral acclimatization and adaptation 
Hermatypic corals have transformed tracts of tropical benthos into the most 
diverse subtidal ecosystems the world over, the coral reef. As true ecosystem engineers of 
the sea, corals modify the environment that they occupy, creating a living reef 
superstructure that provide not just for the multitudinous reef inhabitants, but also for 
humans living near and far from the reef, across the globe. The benefits of reefs to society 
exceed an estimated annual value of $375 billion, with services including storm 
protection, tourism, and an important source of food for half a billion people [1, 2]. 
Tropical coral reefs across exist in large part due to a critical mutualistic 
partnership. In a relationship that has spanned more than 200 million years, since the 
early beginnings of scleractinians as we know them, reef-building benefited from a 
nutritional symbiosis with the dinoflagellate Symbiodinium, which within gastrodermal 
cells of the scleractinian host [3, 4]. It has long been known that calcification rates are 
significantly higher in symbiotic corals with photosynthetic endosymbionts, with the 
work of Kawaguti and Sakumoto dating to 1948 [5], and the concept of light-enhanced 
calcification introduced by Pearse and Muscatine in 1971 [6]. Approximately ninety 
percent of the carbon fixed by in hospite Symbiodinium is transferred from dinoflagellate 
to the host [7-9]; the symbiosis quite literally powers the living corals, and in turn is 
responsible for the growth and maintenance of the reef as we know it. 
The crucial nutritional symbiosis between the cnidarian host and its algal 
endosymbiont is a fragile relationship with climate shifts already seen, and is in peril 
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given the high-confidence forecasts for warming oceans in the coming decades and 
beyond [10-13]. Anthropogenic climate change has become a significant concern for 
many ecosystems the world over, with coral reefs being among the most vulnerable [10, 
12, 14, 15]. Field and laboratory evidence demonstrate that that ocean temperatures just 
1°C warmer than the typical summer maxima can cause coral bleaching [10, 12, 14, 15], 
a potentially lethal breakdown of the symbiotic relationship between the coral animal 
host and Symbiodinium, photosynthetic dinoflagellates which provide a nutritional 
symbiosis via their intracellular existence within the coral. The symptom of physiological 
distress, bleaching, is so termed because of the apparent loss of coral coloration, which is 
the result of the loss of Symbiodinium and/or their associated photopigments, and may 
ultimately end in the death of the coral colony [16]. 
The precise stepwise mechanism of the breakdown of symbiosis, resulting in 
bleaching, has, as of yet, not been elucidated completely and remains an important line of 
research. Our current understanding of bleaching holds that the phenonema is an 
interaction of heat- and light stress upon photosystem II of Symbiodinium, proceeding to 
a point where damage to the photosynthetic apparatus outpaces repair, resulting in the 
generation of reactive oxygen species [17]. These reactive oxygen species are responsible 
for cellular damage to the coral host, with downstream processes resulting in the loss of 
symbionts [17]. Though there are numerous proposed cellular processes for the loss of 
symbionts, there is strong evidence for host-mediated apoptosis of the symbiont-
containing cell [17-20]. 
If corals cannot acclimatize or adapt to the changing climes, we expect the reefs 
to fundamentally change in diversity, geographic expanse, potentially, even the existence 
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of reefs as we know them; under current tolerance regimes, half of the world’s coral reefs 
could disappear in the next twenty to forty years [14]. We are already witnessing 
dramatic overall decline on Australia’s Great Barrier Reef, with the work of De’ath and 
collaborators [21] showing a decline from 28% coverage in 1985 to 13.8% coverage in 
2012, more than half of coral cover. The state of affairs of coral is even worse in the 
Caribbean, with coverage dropping from 55% in 1977 to a present-day level of just 10% 
[22, 23]. 
A future with coral reefs depends on a number of factors, including the 
international curtailing of carbon emissions [12, 15] management of non-thermal, local 
sources of coral stress [21], and coral acclimatization and adaptation [14]. Earlier work 
on modeling reef forecasts by Donner et al. [14] suggested that coral bleaching will 
become a regular event within the next half century if corals do not increase their heat 
tolerance by 0.2 to 1.0 °C per decade. More recent forecast efforts [10] indicate that 
warming solely from the greenhouse gases already released into the atmosphere will 
result in detrimentally frequent high temperature stress events for half of the reefs of the 
world by the year 2080. The aforementioned scenario does not consider the time required 
for an international shift to a lower carbon emission commitment. Even if there is a 
marked global reduction in anthropogenic carbon emissions from our current business-as-
usual regime, reducing output to allow for a 550 ppm carbon dioxide stabilization path, 
frequent mass bleaching is expected by 2030 [10]. A positive outcome for corals depends 
on both action to reduce carbon emissions and an increase in coral thermal tolerance. 
According to Donner [10], an increase of 1.5°C in coral thermal tolerance would suspend 
the onset of high-frequency heat stress by fifty to eighty years. The recent work of Frieler 
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et al. [11] accounts for some increase in coral resilience to heat stress, yet still find that 
even limiting climate warming to 2°C would likely result in the loss of most coral reefs. 
Clearly, an understanding of coral acclimatization and/or adaptation to increasing thermal 
stress is paramount to forecasting and managing reefs. As it stands, we know that climate 
change is a tangible and increasing threat, but we do not know whether corals will mount 
an adaptive or acclimative response sufficient to prolong the existence of the modern 
coral reef. 
At this time, the mechanisms and extent of acquired thermal tolerance via 
phenotypic plasticity and/or the potential for adaptation to warming climes remain vastly 
underexplored, especially considering that the persistence and resilience of corals in the 
coming decades is largely dependent upon increased thermal tolerance. Prior work has 
identified acquired stress tolerance in reef-building corals [24], apparent memory of prior 
stress and acquired thermal tolerance [25-28], and the transcriptomic differences between 
naturally-occurring heat-tolerant and heat-sensitive corals [29]. Clearly, there are 
numerous gaps in knowledge on acquired coral thermal tolerance and potential for 
acclimatization. As coral resilience in the coming century relies primary upon acquired 
thermal tolerance via phenotypic plasticity and/or genetic adaptation, there is a clear need 
a need for the understanding of the full scope of acclimative and adaptive potential of 
corals. 
1.2 Dissertation objectives, hypotheses, and organization  
 The overarching purpose of this dissertation is to identify mechanisms by which 
corals may acclimatize or adapt to hyperthermal stress. Chapter Two is a reprint of an 
article previously published in a peer-reviewed journal; it tests the hypothesis that 
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thermal preconditioning confers thermal tolerance to corals, and asks whether this change 
is the result of shifts in the composition of the microbial community. The work 
experimentally demonstrates acquired thermal tolerance (thermal bleaching resistance) 
via short-term sublethal preconditioning in the reef-building coral Acropora millepora 
and subsequently shows that the acquired bleaching resistance is not a result of a change 
in symbiotic symbiotic partners of the coral. Chapter Three, which has also been 
published in a peer-reviewed journal, tested the hypothesis was that coral host molecular 
changes are associated with acquired thermal tolerance. To address this hypothesis, the 
coral host transcriptome was queried in controlled experiment, comparing preconditioned 
thermal-tolerant corals with heat-sensitive and control corals; through this experiment, a 
host molecular response associated with acquired thermal tolerance was identified. In 
Chapter Four, two hypotheses are addressed: firstly, that an epigenetic mark is placed 
upstream of thermal tolerance genes, and secondly, that promoters of thermal tolerance 
genes have location-specific polymorphisms, associated with differential thermal history 
between populations. To examine these hypotheses, Chapter Four interrogates potential 
cis-regulatory elements upstream of genes involved in coral thermal tolerance, examining 
questions of methylation and epigenetics, and identifying the first known polymorphisms 
in putative coral promoters, providing variation for coral thermal adaptation. Chapter 
Five interprets the significance of these findings within the scope coral acclimatization, 
adaptation, and resilience in a changing climate. 
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Chapter 2: Resistance to thermal stress in corals without changes in symbiont 
composition 
2.1 Abstract 
Discovering how corals can adjust their thermal sensitivity in the context of global 
climate change is important in understanding long-term persistence of coral reefs. In the 
present study we show that short-term preconditioning to higher temperatures, 3°C below 
the experimentally determined bleaching threshold, for a period of seven days provides 
thermal tolerance for the symbiosis stability between the scleractinian coral, Acropora 
millepora and Symbiodinium. On the basis of our genotypic analysis, the results indicate 
that the acclimatization of this coral species to thermal stress does not come down to 
simple shifts in Symbiodinium and/or the bacterial communities that associate with reef-
building corals. The results suggests that the physiological plasticity of the host and/or 
symbiotic components appears to play an important role in responding to ocean warming. 
The further study of host and symbiont physiology, both of Symbiodinium and 
prokaryotes, is of paramount importance in the context of global climate change, as 
mechanisms for rapid holobiont acclimatization will become increasingly important to 
the long-standing persistence of coral reefs. 
2.2 Introduction 
Coral reefs are among the most biologically diverse and economically important 
ecosystems on the planet, providing ecological services that are vital to human society 
and industries through fisheries, coastal protection, pharmaceutical compounds, and 
tourism [30]. The high productivity and structural complexity of coral reefs is derived 
and powered by the mutualistic association between corals and their symbiotic single-
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celled dinoflagellate algae (Symbiodinium Freudenthal 1962) [31]. Coral reefs worldwide, 
however, are among the most vulnerable ecosystems to global environmental change [15, 
32].  Both field and laboratory evidence reveal that corals are highly sensitive to thermal 
stress, with +1 ?????????????-term summer maxima driving mass coral bleaching (i.e., 
the loss of symbiotic dinoflagellates and/or their photosynthetic pigments) and 
consequently coral mortality [12, 14, 15]. If the thermal sensitivity of corals does not 
change, coral reefs face serious problems in scenarios where tropical seas may be as 
much as 2-4°C warmer by the end of this century [14].  The capacity of corals for 
acclimatization to heat stress is a critical component of their long-term survival. 
Understanding the thermal tolerance of corals and their dinoflagellate and prokaryotic 
symbionts, which altogether represents the holobiont [33], is therefore important to any 
predictions of how the future may unfold for coral reefs. 
At fine scales, thermal history, both in the long- and short-term, has been shown 
to be a determinant in the response of corals to hyperthermal stress and bleaching [24, 28, 
34]. By comparing the widespread thermal bleaching events that occurred on the Great 
Barrier Reef in the Coral Sea in 1998 and 2002, Maynard et al. [28] detected a lower 
incidence of bleaching for three major coral genera (Acropora, Pocillopora and Porites) 
in 2002 compared to 1998 on the same reefs despite the higher solar irradiance observed 
during the 2002 thermal event. Since colony mortality was not high enough during the 
bleaching episode in 1998 for selection to explain the increased thermal tolerance 
observed during the 2002 thermal event, acclimatization was suggested as the potential 
cause of bleaching resistance [28].  Potentially, a long-term acclimatization response 
could have a basis in epigenetics, conferring a transcriptional response conducive to 
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bleaching resistance. Though the role of epigenetics in coral stress response is currently 
unknown, there is evidence for the regulation of stress responses of plants via epigenetic 
mechanisms [35], and even transmission of epigenetic effects to subsequent generations 
[36]. Other evidence for the natural acclimatization of coral to thermal stress come from 
studies conducted in the surroundings of the nuclear power plant near Nanwan Bay, 
Taiwan [37]. In 1988, the year the power plant began full operation, Acropora grandis 
samples taken near the hot water outlet of the nuclear power plant were completely 
bleached within two days of exposure to 33°C. Two years later, however, corals from the 
same area required six days of exposure to 33°C water for the onset of signs of bleaching.  
The protective effect of thermal preconditioning has also been shown experimentally, in 
the reef coral Acropora aspera, where corals exposed to brief heat stress insufficient to 
cause bleaching later resisted bleaching temperatures, maintaining symbiont densities, 
photopigments, and quantum yield [24]. 
Attempts to understand the differences in the response of reef building corals to 
warming oceans has focused almost entirely on genetic variation within the dinoflagellate 
symbiont, Symbiodinium [38-40]. There are two proposed mechanisms by which the 
composition of the Symbiodinium population hosted by a coral can potentially change: 
switching, in which existing symbionts are expulsed and novel symbionts are acquired 
from the environment, or shuffling (also referred as to shifting), in which existing types 
already in hospite change in relative abundance [41]. Shuffling from less tolerant to heat-
resistant algal symbionts has been proposed as a means of adjusting to accelerating 
increases in seawater temperature [38-40, 42]. However, the higher proportions of hosts 
harboring heat-resistant algal symbionts after bleaching [39] could also be a result of 
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differential survival of hosts containing the stress-resistant symbiont as opposed to 
changes of symbionts [43].  Sampayo et al. [44] monitored tagged colonies of Stylophora 
pistillata with sampling times spanning a bleaching event. Their results support 
differential mortality of corals hosting heat-sensitive symbionts as an explanation of an 
increase in the frequency of thermal-tolerant symbionts post-bleaching, not the beneficial 
shuffling of dinoflagellate symbionts[44]. Other work shows that bleached Porites 
divaricata challenged with heterologous Symbiodinium may transiently acquire 
symbionts from the water, but these novel symbioses are not maintained [45]. In contrast, 
the work of Jones et al. [46] supports acclimative shifts in Symbiodinium, finding that in 
tagged A. millepora colonies examined prior to and following a bleaching event, 71% of 
surviving colonies which initially harbored a majority of heat-sensitive symbionts shifted 
to predominantly heat-tolerant symbionts after bleaching. Clearly, a general model for the 
role of symbiont shuffling and/or switching has yet to be established. 
Another possibility is an advantageous change in the coral-associated bacterial 
community, resulting in the rapid generation of a more heat-resistant holobiont. This 
alternate hypothesis is derived from the coral probiotic hypothesis [47], which states that 
corals form a symbiotic relationship with a diverse metabolically active microbial 
population living on their surface and in their tissues [33, 48-51], such that when 
environmental conditions are altered, the microbial biota undergoes changes that aid the 
coral holobiont fitness [47].  However, unambiguous switching to entirely novel 
symbioses as a beneficial response to thermal stress has yet to be demonstrated. It is still 
unknown if the thermal tolerance observed in rapid acclimatization responses is also 
associated with a shift to heat-resistant symbionts in coral holobionts. 
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In the current study we asked whether short-term preconditioning of corals to 
thermal stress shifted their dinoflagellate and bacterial communities to new 
configurations, thereby resulting in greater thermal tolerance for the host and symbionts. 
2.3 Materials and methods 
2.3.1 Sample collection and care 
 Acropora millepora nubbins (small colony fragments) were collected from 
colonies on the reef flat in the vicinity of Heron Island (GBR), Queensland, Australia 
(23°33'S, 151°54'E) in June 2009.  Branches 6-8 cm long were cut and embedded in 
marine epoxy in cut-off 15 ml centrifuge tubes; a total of 72 coral fragments were 
allowed to recover for 20 days prior to the beginning of experimental manipulations. 
2.3.2 Thermal Stress Experiments 
We tested the response of A. millepora to thermal preconditioning by exposing 
coral nubbins to 28°C (3°C below bleaching threshold) for ten days, prior to challenging 
them with water temperatures of 31°C for eight days (Figure 1).  In another treatment 
(non-preconditioned), corals were exposed to 31°C without exposure to the 28°C 
treatment.  These two treatments were compared to control coral fragments that were 
exposed only to ambient-temperature reef flat water (21°C-22°C). 
 The experimental system was comprised of 15 l transparent tanks plumbed into 
flowing seawater, with four replicate tanks for each treatment (a total of 12 tanks).  All 
tanks were operated as open systems and received water from the adjacent reef flat at a 
rate of 0.3 to 0.4 l min - 1, with additional flow provided by 250 l h - 1 submersible pumps. 
Control treatments received ambient water with no temperature manipulation. The 
temperatures in the experimental tanks were increased at rate of 2°C per day, with 
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temperature changes taking place at 06:30 h. Water temperature of tanks were recorded 
throughout the experiment using HOBO Pro v2 Water Temperature Data Loggers (Onset, 
Pocasset, MA, USA). There were six nubbins per tank at the outset of the experiment (a 
total of 72 nubbins). One coral nubbin was collected for each experimental and control 
replicate tank at the following sampling times: 18 and 5 days prior to thermal stress (at 
which point the preconditioned treatment had been exposed to 28°C preconditioning for 
seven days), and after two, six, and eight days of 31°C thermal challenge. Sampling was 
done at 17:00 h on each sample date. 
2.3.3 Symbiodinium density and genetic identification 
 For the determination of Symbiodinium cell densities per surface area, cell counts 
were performed using a Hirschman® Neubauer improved haemocytometer (Hirschmann 
Laborgeräte, Eberstadt, Germany), with coral area assessed by a wax coating method [52]. 
DNA extractions were performed using DNeasy Plant Mini Kit (QIAGEN, Valencia, CA, 
USA) from tissue collected 18 days prior to the start of thermal stress, as well as after 
eight days of thermal challenge.  Symbiodinium 28S rDNA was amplified and directly 
sequenced using primers 28S-forward 
(5’CCCGCTGAATTTAAGCATATAAGTAAGCGG-3’) and 
28S-reverse (5’GTTAGACTCCTTGGTCCGTGTTTCAAGA-3’) [53]. The PCR was 
performed in 25 µl reaction volumes, using 10ng of DNA template, 10 µL GoTaq Green 
Master Mix (Promega, Madison, Wisconsin, USA), and 0.25 µM 28S-forward and 0.25 
µM 28S-reverse primers. Thermocycling conditions consisted of a five-minute initial 
denaturation at 95°C, followed by 35 cycles of 94°C (30 seconds), 65°C (40 seconds), 
and 72°C (60 seconds), and a 10 minute final extension at 72°C. The PCR products were 
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directly sequenced by the DNA Analysis Facility at Yale University (New Haven, CT, 
USA), using 28S-forward and 28S-reverse primers. Sequences were inspected and 
assembled using CodonCode Aligner v. 3.5.7 (CodonCode Corporation, Dedham, MA, 
USA). Sequences were identified by BLAST comparisons in NCBI Genbank. 
The internal transcribed spacer region 2 (ITS2) rDNA was PCR-amplified using 
primers ITSintfor2 and ITS2CLAMP (5’GAATTGCAGAACTCCGTG-3’ and 
5’CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGGGA 
TCCATATGCTTAAGTTCAGCGGGT-3’) [54], in 20 µl reactions consisting of 10 ng 
of DNA template, 10 µL GoTaq Green Master Mix (Promega, Madison, Wisconsin, 
USA) adjusted to 3.0 mM MgCl2, 0.25 µM ITSintfor2, and 0.75 µM ITS2CLAMP.  The 
touch-down PCR program consisted of a three-minute initial denaturation at 92°C,  
21  cycles  of  92°C (30 seconds), 62°C (40 seconds), and 72°C (30 
seconds),  decreasing  by 0.5 °C each 
cycle,  followed  by  15  cycles  with  a  52°C  annealing  step,  and  a  10 minute 
final  extension  at  72°C. Denaturing gradient gel electrophoresis (DGGE) was used to 
separate PCR products on a 45-80% gradient (8% acrylimide) [54]. Gels were run for 14 
hours at 100 volts at a constant temperature of 60°C [54]. 
Excised bands were incubated for 24 hours with shaking at room temperature in 
30 µL nuclease-free water. The liquid portion of this mixture was recovered, ethanol-
precipiated, washed with 70% ethanol, and resuspended in 30 µL nuclease-free water. 
One µL of each band isolate solution was subsequently re-amplified for direct sequencing 
in a 20 µL reaction using 0.25µM ITSintfor2 [54]  and ITSRev  
(5’GGATCCATATGCTTAAGTTCAGCGGGT‐3’) [55], 10 µL GoTaq Green Master 
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Mix (Promega, Madison, Wisconsin, USA) adjusted to 3.0 mM MgCl2, with a PCR 
program consisting of a three minute initial denaturation at  92°C,  35  cycles  of  92°C 
(30 seconds), 52 °C (40 seconds), 72°C (30 seconds), and  a  10-minute 
final  extension  at  72°C. Reamplification products were directly sequenced by the DNA 
Analysis Facility at Yale University (New Haven, Connecticut, USA) using primer 
ITSintfor2 [54]. Sequences were examined using CodonCode Aligner v. 3.5.7 
(CodonCode Corporation, Dedham, Massachusetts, USA) and identified by BLAST 
comparisons in Genbank. 
2.3.4 Bacterial community composition 
The bacterial community was profiled using RNA to assess the active microbial 
assemblage; in a short-course experiment, a DNA profile may have provided results not 
reflective of the actual active bacteria at a given time. The RNA was extracted from snap 
frozen coral fragments sampled after six days at 31°C. RNA isolations were performed 
using Trizol reagent (Invitrogen), followed by RNeasy Mini kit (QIAGEN, Valencia, 
California, USA). Total RNA (100 ng) was reverse-transcribed using a QuantiTect 
Reverse Transcription Kit (QIAGEN, Valencia, California, USA), with 1 µM of modified 
primer 907R (CCTACGGGDGGCWGCAG)[56]. Subsequently, PCR was performed on 
cDNA samples using modified primers 341F-Clamp [57] 
(CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGCCTACGGGDGGC
WGCAG) and 907R to amplify the 16S rRNA [56]. PCR was performed in 50 µl reaction 
volumes, using GoTaq Green Master Mix (Promega, Madison, Wisconsin, USA) adjusted 
to 2.5 mM MgCl2, 0.25 µM 907R, and 0.75 µM 341F-Clamp. The PCR program 
consisted of a 5 minute initial denaturation at 95°C, followed by 35 cycles of  95°C (30 
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seconds), 51°C (60 seconds), and 72°C (60 seconds), and a 7 minute final extension. The 
PCR products were run on DGGE using a 6% acrylimide denaturing gradient gel (30-
65% gradient) for 14 hours at 97 volts at a constant temperature of 60°C.  
Excised bands (processed as previously described) were subsequently re-
amplified for direct sequencing in a 25 µL reaction using GoTaq Green Master Mix 
(Promega, Madison, Wisconsin, USA), 0.25 µM 907R, and 0.25 µM 341F. The PCR 
program consisted of a 5 minute initial denaturation at 95°C, followed by 35 cycles of  
95°C (30 seconds), 51°C (60 seconds), and 72°C (60 seconds), and a 7 minute final 
extension. The PCR products were directly sequenced by the DNA Analysis Facility at 
Yale University (New Haven, Connecticut, USA) using the 907R primer. Sequences were 
examined using CodonCode Aligner v. 3.5.7 (CodonCode Corporation, Dedham, 
Massachusetts, USA) and identified by BLAST comparisons in Genbank., and using the 
chimera-checked Greengenes database [58]. 
2.3.5 Statistical analysis and multivarate analysis 
Symbiodinium density data were analyzed with one-way ANOVA with Tukey 
HSD, performed using the package Systat 13 (SYSTAT Inc, Evanston, IL, USA). The 
DGGE gel images of the bacterial 16S rDNA were scored using Gel2k [59]. Gel band 
intensity was normalized and assigned to categories prior to multivariate analysis. 
Correspondence analysis of the categorical data was performed using the R package 
Vegan [60, 61].  
2.4 Results 
Thermal response: Symbiodinium density and composition 
Coral nubbins that were not exposed to the thermal pre-conditioning treatment suffered 
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significant bleaching with exposure to 31°C water, as observed after six and eight days of 
thermal challenge at 31°C (p<0.001, one-way ANOVA with Tukey HSD, Figure 2.). 
Symbiodinium density decreased almost 80% after eight days of exposure to bleaching 
temperature.  In contrast, preconditioned coral nubbins did not bleach with exposure to 
31°C, maintaining dinoflagellate symbiont densities consistent with those observed in 
control coral fragments during the eight days of thermal challenge (p>0.20, one-way 
ANOVA with Tukey HSD; Figure 2). 
To determine whether the response to thermal stress was associated with shifts in 
the composition of Symbiodinium strains, we directly sequenced the 28S rDNA and 
conducted DGGE analysis on the ITS2 of the resident Symbiodinium in the coral nubbins. 
The composition of Symbiodinium strains prior to thermal treatments and after eight days 
of thermal challenge was revealed to be the same across treatments, with all corals 
maintaining an association with clade C3 Symbiodinium (electronic supplementary 
material, Figure S1). With direct sequencing of 28S (GenBank accession number 
JF834208), no background sequences were detected. 
2.4.1 Thermal response by the bacterial community 
The DGGE analysis of PCR-amplified bacterial 16S rRNA fragments showed no 
differences in the composition of the bacterial community associated with preconditioned, 
non-preconditioned, and control coral nubbins, with the exception of one control coral 
containing an additional band (electronic supplementary material, Figure S2). Dominant 
banding patterns and bacterial types that were ubiquitous across treatments were 
sequenced, revealing that the majority of abundant sequences were Gammaproteobacteria 
of high identity (95-96%) to Spongiobacter spp. sequences.  However, differences 
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occurred in the relative intensity of 16S rRNA-DGGE bands, which were used as a rough 
proxy of the relative abundance.  Analysis of gel banding-intensity patterns using 
correspondence analysis revealed an effect of temperature on both the non-
preconditioned and preconditioned corals after six days at 31°C, relative to controls 
(Figure 3). Nevertheless, this temperature effect was similar on both non-preconditioned 
(bleached) and preconditioned (thermal acclimatized) corals.  
2.5 Discussion  
The findings of our study revealed a surprising result that the acquired tolerance 
of preconditioned corals to thermal stress was not due to changes in the make-up of their 
symbionts. There were no changes detected in Symbiodinium strains associated with the 
thermal tolerance response described in this experiment. Even more, no change in the 
dominant members of the bacterial community was detected, and the community 
structures, on the basis of the relative abundance of bacteria, were largely similar across 
bleached non-preconditioned corals and non-bleaching preconditioned corals. Therefore, 
our results indicate that the rapid acclimatization of Acropora millepora corals to thermal 
stress did not come down to simple changes in Symbiodinium and/or the bacterial 
communities that associate with reef-building corals.  
Changes in symbiont type via shuffling would seem unlikely, as the corals hosted 
a single Symbiodinium type, but the point of emphasis remains that even with one 
detectable symbiont type, preconditioned corals still exhibit evidence of acclimatization. 
It bears mentioning the DGGE implemented is capable of detecting broad changes in the 
symbiont community, but DGGE is unable to detect Symbiodinium present at less that 5 
to 10% of the community [62, 63]. In terms of switching, host-symbiont specificity 
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would also seriously hinder the acquisition of novel symbiont types, both in terms of 
symbiont uptake and proliferation [64-66]. But even with a lack of specificity, the 
complete replacement of dominant symbionts by another type (switching) would take in 
excess of one month, according to a Symbiodinium population model for corals proposed 
by Jones and Yellowlees [67]. This month dictated by the population model stands in 
contrast to the thermal acclimation which occurred in only 10 days in this experiment, as 
well as in the work of Middlebrook et al. [24], with 48 h preconditioning regimes one- 
and two weeks prior to thermal challenge.  The timescales are incompatible with a 
symbiont type switch. In accordance with this, our molecular genotyping of 
Symbiodinium revealed the same single symbiont type both at the outset and at the end of 
the experiment.  
Likewise, it has been recently proposed that changes of the bacterial community 
in response to environmental stressors could also provide tolerance to changing 
environmental conditions much more rapidly than host evolution – this is referred as to 
‘the Coral Probiotic hypothesis’ [47].  In A. millepora, shifts in resident bacteria have 
been shown during bleaching, with a change in the community shifting from a healthy 
community of bacteria dominated by Spongiobacter spp. to one dominated by Vibrio spp. 
during bleaching [48, 68]. However, in the present experiment, a dramatic change in 
members of bacterial community was not found in either preconditioned or non-
preconditioned corals. While we indeed detected some changes in the apparent relative 
abundance of bacterial strains in response to an increase of temperature compared to 
controls, the changes were similar between pre-conditioned (acclimatized) and non-
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preconditioned (bleached) corals indicating no correlation between a change of the 
bacterial community and the thermal tolerance response. 
One possibility that could explain the lack of a bacterial partner shift in this 
experiment is that the corals already possessed a community of bacteria able to cope with 
the fluctuating temperatures as a result of prior stress on the reef, as backreef 
environments usually experience greater temperature extremes and fluctuations than 
forereef environments [69]. Intriguingly, the effects of thermal acclimation on the 
bacterium Escherichia coli defy a single model, with acclimation competitively 
beneficial in some cases, but not in others, as shown experimentally [70]. Another 
consideration is that a mass bleaching event is one of an entire community, presumably 
with bacterial fauna present from the entire heat-stressed vicinity. However, in this 
experiment, the flowing seawater used originated from a reef flat that was not 
experiencing hyperthermal stress, eliminating a potential source of bacteria that may 
colonize corals during natural bleaching events. The absence of a larger bacterial 
community under conditions of thermal duress may explain why this experiment did not 
see a bacterial community flux as observed in other studies [48, 68]. Similar to our results, 
Salerno et al. [71] found no systematic changes in the microbial community composition 
of Porites compressa as a result of a six day treatment of 1°C above ambient summer 
temperature. 
Although symbionts are clearly of fundamental importance, the idea that the 
thermal tolerance of corals resides almost entirely within changes of symbiont types with 
different physiologies has been questioned [34, 72, 73]. Our findings instead suggest that 
the physiological plasticity of one or more members of the coral holobiont plays, in a 
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timely and beneficial way, an important role in the acclimatization response to a rapid 
change of temperature. This study, to our knowledge, is the first that clearly shows the 
capacity of corals to tolerate thermal stress through a mechanism based on genotype-
independent phenotypic change. 
In addition to the potential of Symbiodinium population shifts, the consideration 
of physiological acclimatization is important both in the host and the symbionts. 
Physiological acclimatization to heat stress has been previously documented in corals, 
and, alongside the role of the dinoflagellate symbiont, is held to be a significant part of 
the response to heat stress [74] In Montastraea franksi, exposure to elevated temperatures 
results in the up-regulation of HSP70 after six hours, with a return to control levels after 
continued exposure for 12 hours, and another increase in expression after 48 hours of 
heat stress [75]. Additionally, Gates and Edmunds [75] suggest a relationship between 
corals with high protein turnover and an increased capacity for thermal acclimatization. 
The relationship between protein turnover and acclimatization capacity is taken from 
evidence of Mytilus edulis, in which mussels with higher rates of protein turnover have 
been shown to acclimatize faster than those with lower rates of protein turnover [76, 77]. 
As shown with transcriptome analysis via cDNA microarrays, the aposymbiotic larvae of 
A. millepora exhibit a marked response in gene expression when heat stressed, including 
the rapid upregulation of three heat-shock proteins and a fluorescent protein [78]. Host 
physiology and the ability to induce stress response proteins has been suggested to play a 
role in resistance to heat stress in the case of Porites cylindrica, in addition to a heat 
resistant symbiont [79]. Pocillopora damicornis of a host genotype originating from a 
non-upwelling area showed greater thermal tolerance experimentally than another 
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genotype, originating from an upwelling region of lower thermal stress, suggesting the 
possible importance of the host in thermal tolerance or the effects of long-term 
acclimatization to thermal stress [80]. 
Additionally, the prior experience of the host has been shown to be of great 
influence, even with differential exposure of stress within a colony. Brown et al. [27] 
found that the west faces of Goniastrea aspera colonies resisted bleaching during natural 
heat stress, while the east faces bleached. The west faces had been preconditioned via 
prior solar irradiance, conferring thermal tolerance without a change in dinoflagellate 
symbiont [27].  Though the source of acclimatization was reported to be that of solar 
irradiance, a resultant increase in thermal tolerance is mechanistically possible as stress 
responses are often unspecific [81]. Environmental stressors often coincide, and a general 
response has the advantage that a single stimulus mounts a response to potentially 
multiple simultaneous environmental conditions [81]. 
The contribution of the host to thermal tolerance is once again highlighted in a 
reciprocal transplant experiment with Porites lobata between genetically distinct 
populations of corals from back reef and forereef environments [73]. The host origin and 
associated genotype were the major determinants of ubiquitin-conjugated protein 
concentration, whereas Symbiodinium populating the corals were genetically 
indistinguishable [73]. Higher levels of ubiquitin-conjugated proteins were consistently 
found in colonies originating from the highly fluctuating back reef environment, both 
prior to and following transplantation, indicating a distinct physiological difference 
associated with colony genotype [73]. The differentiation in host populations between 
forereef and back reef sites calls into focus the potential for selection for physiological 
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acclimatization to stress, given the disparate thermal regimens experienced by the two 
populations [73]. Thompson and van Woesik [82] add additional credence to an argument 
for host selection in response to thermal stress, but in the larger context of differential 
mortality and selection in response to thermal stress, as sites with historically high 
variability in temperature and solar irradiance resisted heat stress. This stands at odds 
with the conclusions drawn by Maynard et al. [28], finding that differential mortality did 
not explain thermal tolerance, but their sampling times may have not captured all post-
bleaching mortality [82]. 
Although a response of the cnidarian host to stress is one mechanism of 
acclimatization, there remain other possibilities, including that of physiological 
acclimatization of the dinoflagellate symbiont. In culture, Symbiodinium cells have been 
shown to decrease their cellular chlorophyll a in response to supersaturating irradiance 
[83], a photoacclimation response common to many microalgae [84]. Warner et al. [69] 
found differences in photoacclimation between the symbionts of forereef and backreef 
coral species, with the Symbiodinium cells in the forereef Montastraea annularis less 
thermally tolerant than those in the back reef Siderastrea radians. While symbionts from 
both coral species induce non-photochemical quenching (NPQ) rapidly in response to 
elevated temperatures, the increase of NPQ is higher in the Symbiodinium of S. radians. 
Other work has identified non-photochemical quenching as a mechanism by which 
Symbiodinium can dissipate excess light energy in response to thermal stress that causes a 
loss in the functionality of PS II reaction centers [85]. Still, there remain many questions 
about the mechanisms and roles of acclimatization in Symbiodinium. 
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 Coral bleaching is a symptom of host/symbiont disequilibrium, and as such is 
potentially a consequence of multiple etiologies, with perhaps multiple modes of 
acclimatization under different circumstances and timeframes. Understanding how corals 
can adjust their thermal sensitivity in the context of global climate change continues to be 
important in understanding the long-term persistence of coral reefs under global change. 
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Figure 1. Temperature profiles of the thermal treatments with which Acropora millepora 
fragments were challenged. Preconditioned treatment comprised of a seven-day pre-stress 
at 28°C prior to exposure to 31°C (orange line). Non-preconditioned treatment with no 
pre-stress period prior to exposure to 31°C (red line), and control (green line) where coral 
fragments were not challenged to increase of temperature. Temperature was brought to 
31°C at 2°C per day. Grey bars, ambient reef temperature; green bar, 7 days of 28°C 
preconditioning; dark green bars, 2 days at 31°C; yellow bars, 6 days at 31°C; pink bars, 
8 days at 31°C. 
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Figure 2. Symbiodinium density (algal cells/cm2) at five different times: 18 and 5 days 
prior to exposure at 31°C, and 2, 6, and 8 days during the exposure to 31°C. Asterisks 
indicate group is significantly different from controls (p<0.001, one-way ANOVA with 
Tukey HSD, n=4). 
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Figure 3. Correspondence analysis (CA) of reverse-transcribed bacterial 16S rRNA-
DGGE banding patterns (treatment samples, as indicated in the insert legend, n=3).  
DGGE bands incorporated in the CA through relative abundance are shown. The 
bacterial community was profiled from RNA to assess the active microbial assemblage. 
CA1 explains 58.5% of variation; CA2 explains 19.3%. NPC, non-preconditioned (red 
colour); P, preconditioned (orange colour); C, control (green colour). 
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Chapter 3: Coral thermal tolerance: tuning gene expression to resist thermal stress 
3.1 Abstract 
 The acclimatization capacity of corals is a critical consideration in the persistence 
of coral reefs under stresses imposed by global climate change. The stress history of 
corals plays a role in subsequent response to heat stress, but the transcriptomic changes 
associated with these plastic changes have not been previously explored. In order to 
identify host transcriptomic changes associated with acquired thermal tolerance in the 
scleractinian coral Acropora millepora, corals preconditioned to a sub-lethal temperature 
of 3°C below bleaching threshold temperature were compared to both non-preconditioned 
corals and untreated controls using a cDNA microarray platform. After eight days of 
hyperthermal challenge, conditions under which non-preconditioned corals bleached and 
preconditioned corals (thermal-tolerant) maintained Symbiodinium density, a clear 
differentiation in the transcriptional profiles was revealed among the condition examined.  
Among these changes, nine differentially-expressed genes separated preconditioned 
corals from non-preconditioned corals, with 42 genes differentially expressed between 
control and preconditioned treatments, and 70 genes between non-preconditioned corals 
and controls. Differentially expressed genes included components of an apoptotic 
signaling cascade, which suggest the inhibition of apoptosis in preconditioned corals. 
Additionally, lectins and genes involved in response to oxidative stress were also 
detected. One dominant pattern was the apparent tuning of gene expression observed 
between preconditioned and non-preconditioned treatments; that is, differences in 
expression magnitude were more apparent than differences in the identity of genes 
differentially expressed. Our work revealed a transcriptomic signature underlying the 
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tolerance associated with coral thermal history, and suggests that understanding the 
molecular mechanisms behind physiological acclimatization would be critical for the 
modeling of reefs in impending climate change scenarios.  
3.2 Introduction 
 Coral reefs are of incredible value to human society, with a half billion people 
dependent on reefs which have been estimated to provide ecosystem services worth $375 
billion per year [1, 2, 86]. However, this vast resource may be rapidly diminished by 
coral bleaching, a loss of the mutualistic intracellular dinoflagellates, Symbiodinium, 
and/or loss of photosynthetic pigments [16], originally described by Glynn in 1984 [87]. 
First reported in the 1870s [88], massive coral die-off from bleaching is expected to 
intensify as a result of increases in the magnitude and frequency of warm-water 
anomalies [12, 15, 89], the hyperthermal conditions responsible for bleaching. Therefore, 
the future of the reefs of the world is potentially in peril, with the potential for 
catastrophic coral bleaching and death resulting in the loss of half of the reefs worldwide 
in the next 20 to 40 years [12, 14, 15, 32]. Corals need to markedly increase their thermal 
tolerance at a rate of 0.2 to 1.0 ???????????????????????????????????????????????????[14]. 
The exploration of physiological limits of corals and underlying molecular signatures is 
therefore of great importance in predicting the fate of corals in decades to come. 
Current models of coral bleaching initiate with thermal- and photo-inactivation of 
Symbiondinium photosystem II and destruction of photosynthetic pigments by reactive 
oxygen species (ROS), proceeding to ROS-mediated host cellular damage and initiation 
of apoptotic pathways [12, 17, 20]. Multiple modes of dinoflagellate symbiont loss have 
been characterized, including the apoptosis and necrosis of host and symbiont cells [17-
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19], failure of host cell adhesion leading to detachment cells housing symbionts [75], 
exocytosis [90], and host-mediated autophagy [91]. 
Prior work on acquired hyperthermal tolerance in reef-building corals has largely 
focused on the potential for changes in dinoflagellate symbionts [38-40, 42, 92, 93], but a 
critical consideration in forecasts of the future of reefs as we know them is the role of 
thermal history and acclimatization to heat stress. Multiple studies have demonstrated the 
effect of thermal preconditioning on later bleaching susceptibility during natural heat 
stress events [26, 28, 82, 94, 95] or from experimental mesocosms [24, 34, 96, 97]. 
Maynard et al. [28] compared the 1998 and 2002 bleaching events on the Great Barrier 
Reef and found that there was a lower incidence of bleaching in 2002 even though there 
was higher solar irradiance in the latter event. Moreover, colony mortality in 1998 was 
not high enough to explain the result via different selection [28]. The effect of thermal 
preconditioning on subsequent heat stress has previously been demonstrated 
experimentally on Acropora aspera by Middlebrook et al. [24] in which 48-hour 
prestress treatments resulted in later resistance to bleaching temperatures, with no loss of 
symbionts, decrease in photopigments, or drop in quantum yield. Plastic responses to heat 
following differential histories of stress have been documented to occur even within a 
colony, in the case of Goniastrea aspera [27]. West faces of colonies suffered prior solar 
bleaching, which appeared to confer tolerance to heat stress as the west faces resisted 
bleaching during natural heat stress [27]. Subsequent work by Brown et al. [25] found 
less photoinhibition in symbionts of the west faces of colonies, along with higher 
expression of host superoxide dismutase and heat-shock proteins upon thermal challenge. 
Significantly, though, the response to climate change may be heterogenous across species 
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[98]. 
There is an existing body of literature characterizing the molecular and cellular 
responses of several coral species to heat stress and bleaching. Gates et al. [75] found an 
induction of HSP70 after six hours of heat stress in Montastraea franksi, with a 
subsequent return to control levels with continued stress, followed by a later increase. 
DeSalvo et al. [99] explored the transcriptome of heat-stressed and bleaching 
Montastraea faveolata, finding differentially expressed genes with functions involving 
response to oxidative stress and HSP activity, calcium homeostasis, cell death, 
cytoskeletal structure, and metabolism. They propose a model in which ROS lead to the 
generation of reactive nitrogen species, disrupting calcium homeostasis, and with 
resultant changes in the cytoskeleton and calcification, cell adhesion, and the induction of 
cell death [99]. DeSalvo et al. [100] also queried the transcriptomic response of Acropora 
palmata and found similar themes across taxa, noting parallels between differentially 
expressed genes in response to heat stress in M. faveolata and A. palmata. Genes detected 
included those with putative roles in molecular chaperones, growth arrest, nucleic acid 
stabilization, elimination of damaged macromolecules, nitric oxide signaling, and actin 
cytoskeleton restructuring [100]. 
In our previous work [96], it was shown that preconditioning Acropora millepora 
for ten days to temperatures 3°C below bleaching threshold conferred thermal tolerance 
to the corals. This acquired bleaching resistance occurred with no detectable changes in 
either the Symbiodinium or bacterial communities, as shown by denaturing gradient gel 
electrophoresis [96]. Altogether, these pieces of evidence suggest that thermal prestress 
has a role in preventing later bleaching, conferring maintenance of Symbiodinium density. 
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These prior results suggest physiological plasticity of one or more members of the coral 
holobiont (composed of the cnidarian host, Symbiodinium, and prokaryotes [33]) as the 
mechanism for resistance to bleaching. Our overarching question is whether corals will 
be able to acclimatize to rising ocean temperatures. To address this question, we asked 
what are the molecular-level effects that are associated with thermal tolerance, and how 
this response differs from that of thermal injury. This necessitates the exploration of the 
molecular underpinnings of thermal tolerance plasticity, as well as thermal injury 
associated with bleaching. The molecular response of the coral host in thermal-tolerant 
preconditioned coral holobionts has not been previously characterized. Here we 
examined the host transcriptomes of both thermal-tolerant and heat-sensitive corals. We 
also identified thermal preconditioning treatments effective in the rapid acquisition of 
thermal tolerance for A. millepora. We present the first evidence of the transcriptional 
response of the host associated with acquired thermal tolerance in A. millepora, along 
with the profile of thermal injury observed in non-preconditioned corals. Furthering the 
understanding of the response of corals to heat stress will provide information critical for 
the conservation of reefs as we know them. For instance, such knowledge will help 
determine whether corals are acclimatizing, and which corals have the capacity to do so 
at a rate compatible with their survival in a changing global environment. Genes of 
interest in acclimatization may be followed-up as potential targets of rapid evolution or 
epigenetic modification in response to global climate change, potentially answering 
questions regarding adaptive responses of corals to looming threats. The application of 
this mechanistic knowledge will prove practical in management plans for conservation of 
reefs, holding the potential to identify tolerant and at-risk reefs. 
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3.3 Results 
A. millepora coral fragments were exposed to preconditioning treatments, with 
details regarding the treatment of coral fragments available in the Materials and Methods 
section. In brief, control treatments (C) were treated only with ambient reef flat 
temperature water (17°C to 25°C). Sustained-1 treatment (S1) tanks were subjected to ten 
days of 28°C thermal preconditioning prior to a 31°C thermal challenge, while sustained-
2 (S2) treatment was heated to 28°C for 17 days prior to exposure to 31°C thermal 
challenge. Pulse-1 (P1) and pulse-2 (P2) treatments were exposed to 28°C prestress for 
48 hours one- and two weeks prior (respectively) to a 31°C thermal challenge. The non-
preconditioned (NPC) treatment was ramped up directly from ambient temperature to 
thermal challenge temperature. Temperature log data is displayed in Fig. 1. 
3.3.1 Symbiodinium density of corals with and without preconditioning 
The objective of this work is to elucidate differences between heat-sensitive 
corals and those with acquired thermal tolerance, and we are using bleaching as an 
indicator of thermal injury. As such, Symbiodinium cell counts were used to 
quantitatively assess bleaching. In control nubbins exposed to ambient temperatures, 
Symbiodinium density was relatively constant throughout the course of the experiment, in 
the range of 1.3-1.6 algal cells 106 cm–2. By day 29, after 8 days of exposure to water at 
31°C, both coral nubbins that had not been exposed to thermal pre-conditioning (NPC) 
and those exposed to pulse treatments (P1 and P2) had suffered significant bleaching, 
Symbiodinium densities having decreased >70% (p<0.001, one-way ANOVA with Tukey 
HSD). By contrast, no significant declines in symbiont density were observed at that time 
in corals that had been subjected to sustained preconditioning treatments (S1 and S2) 
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(p>0.20, one-way ANOVA with Tukey HSD; Fig. 2).  
3.3.2 Comparison of gene expression levels  
Our intent in applying microarray analyses was to shed light on the transcriptional 
differences between thermal tolerance and thermal injury. To investigate changes in gene 
expression associated with thermal tolerance, microarrays were used in a three way 
comparison between preconditioned (S1), non-preconditioned (NPC) and control 
(ambient) coral nubbins. Secondly, we explored changes in gene expression associated 
with thermal injury by comparing NPC and control corals. Note in reference to gene 
expression results, the terms preconditioned, PC, and S1 collectively refer to the 10-day 
preconditioning treatment. The data discussed in this publication have been deposited in 
NCBI's Gene Expression Omnibus [101] and are accessible through GEO Series 
accession number GSE41435 
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41435). 
Our microarray analyses detected no differentially expressed genes (FDR-
adjusted p < 0.05) between treatments on Day 4 (18 days prior to thermal challenge, 
before any thermal manipulations of S1 or NPC corals) or Day 20 (preconditioned corals 
had been exposed to 28°C prestress for 10 days; meanwhile, non-preconditioned corals 
were also at 28°C en route to 31°C thermal challenge). ANOVA and pairwise 
comparisons of the microarray data identified differentially expressed genes (FDR-
adjusted p < 0.05) after two, four, and eight days of thermal challenge. The microarrays 
contained numerous redundant features, with many ESTs forming single contigs. All 
redundancies in our dataset were congruent, with gene expression trends in agreement.  
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At two days of 31°C thermal challenge, 23 genes were differentially expressed 
between non-preconditioned corals and control corals (10 and 13 up- and down-regulated, 
respectively), while six genes were differentially upregulated in S1 compared to controls 
(Fig. 3). At this sampling point, no differences between non-preconditioned and 
preconditioned treatments were detected by our analyses.  
Still prior to visual signs of thermal bleaching and detectable symbiont loss, at 
four days of 31°C thermal challenge 27 genes were differentially expressed between non-
preconditioned corals and control corals (18 up-, nine downregulated), 32 genes showed 
differences in preconditioned compared to controls (18 up-, 14 downregulated), and one 
gene was downregulated between preconditioned and non-preconditioned treatments (Fig. 
3). 
With eight days of thermal challenge at 31°C the non-preconditioned corals are 
exhibiting substantial bleaching, with the loss of nearly 80% of Symbiodinium (Fig. 2). At 
this point, 70 genes were differentially expressed in comparisons of non-preconditioned 
to control corals (23 up-, 47 downregulated), 42 differentially expressed between 
preconditioned and control (19 up-, 23 downregulated), and nine genes identified in the 
comparison of preconditioned to non-preconditioned treatments (four up-, five 
downregulated) (Fig. 3). 
3.3.3 Spatial ordination of gene expression 
PCA plots illustrate the spatial relationships of gene expression patterns amongst 
and between treatments (Fig. 3). The first principal component (PC1) separates 
preconditioned and non-preconditioned treatments from controls after two, four, and 
eight days of thermal challenge. After eight days of thermal challenge, when non-
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preconditioned corals are undergoing bleaching, non-preconditioned and preconditioned 
corals are distinctly different not just in their Symbiodinium density, but also in the 
ordination of their differential gene expression pattern, as illustrated by their separation 
on PC2 (Fig. 3c). 
3.3.4 Differentially expressed genes shared across treatments 
Following two days of 31°C thermal challenge, there is complete overlap in the 
identity of genes affected by non-preconditioned and preconditioned treatments during 
31°C thermal challenge; all genes differentially expressed between S1 and Control are 
also differentially expressed between NPC and Control (Fig. 3, D-F). However, the 
overlap of genes involved does not illustrate the full picture, as though the same genes are 
affected, the magnitude of expression varies considerable (Fig. 3, G-I). There is a much 
more dramatic response from NPC/Control than from S1/Control both in the number of 
genes expressed, as well as the magnitude of expression. 
After four days at 31°C, 74% (25 genes) of differentially expressed genes are 
shared between S1/Control and NPC/Control. The number of genes shared between 
NPC/C and PC/C continues to increases with time, with still more, 34 genes, shared after 
eight days of thermal challenge.  
In all cases of shared, differentially expressed genes between NPC/Control and 
S1/control, the NPC/Control comparison has higher magnitude (in terms of absolute 
value) gene expression. The majority of shared genes differ by more than one-fold 
difference in expression (Fig. 3, G-I). The distinctions between treatments, initially 
shown by PCA of differentially expressed genes (Fig. 3), are borne out by differences in 
magnitude of expression, not by gene identity. 
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3.3.5 Gene ontology and enrichment tests 
Blast2GO was used for annotation of EST contigs and to test for enrichment of 
gene ontology (GO) terms between pairwise comparisons (www.Blast2GO.org; [102]). 
Tests for enrichment of gene ontology terms found no significantly enrichment GO terms. 
As previously discussed, much of the differentiation between comparisons was in gene 
expression magnitude, not the presence or absence of different genes in the MAANOVA 
result. A test of GO enrichment is unable to elucidate this difference. Additionally, tests 
for enrichment are hampered by the lack of BLAST hits for 45% of the differentially 
expressed genes, precluding their inclusion in enrichment tests. 
3.3.6 Genes involved in thermal injury 
After eight days of thermal challenge at 31°C, the non-preconditioned corals 
bleached thoroughly. The differentially expressed genes between these non-
preconditioned and control coral fragments illustrate the transcriptomic response of corals 
undergoing thermal injury. Our gene ontology analysis was informative for this 
comparison, with the 45 differentially expressed genes falling into GO IDs including 
response to oxidative stress, cellular homeostasis, and oxidation/reduction. 
Non-preconditioned corals are characterized by a more extreme modulation of 
many of the same genes differentially expressed in preconditioned corals (Fig. 3). 
Notably, after eight days of thermal challenge these bleaching corals showed a marked 
increase in a heme-binding protein 2-like homolog, permease, glycine-rich RNA binding 
protein, chorion peroxidase, and a mannose-binding lectin. A decrease in transcripts was 
identified for homologs of a mannose-binding lectin, ricin b lectin, CD151, universal 
stress protein, NF-κB inhibitor, calumenin, group II decarboxylase, and prefoldin 2. It is 
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important to distinguish that the up- and down-regulated mannose-binding lectins 
represent two distinct gene sequences. 
3.3.7 Gene expression co-occuring with thermal tolerance: Differential expression 
between preconditioned and non-preconditioned treatments 
The comparison of NPC to S1 transcriptome responses is important as it 
illustrates differences between bleaching, non-thermal tolerant corals and non-bleaching, 
thermal-tolerant individuals. At four days of thermal challenge at 31°C, no corals in the 
experiment were bleaching, but a single differentially expressed gene between NPC and 
S1 preconditioned treatments was detected. This gene, a phosphate carrier protein 
ortholog, is presumably involved in supplying inorganic phosphate to ATP synthase. 
Differential expression of phosphate carrier protein has previously been implicated in 
response to stress, as in the freeze tolerance of the wood frog Rana sylvatica [103]. 
After eight days of thermal challenge, several genes with stress-relevant 
ontologies differentiated the NPC treatment from S1. The 2.38-fold increased expression 
of a mannose-binding lectin in the preconditioned S1 corals over NPC is of great interest. 
The importance of lectins in symbiosis has been highlighted in previous work, including 
in adult A. millepora [104] and Pocillopora damicornis [105], as well as in the larvae of 
Fungia scutaria [106] and A. millepora  [78], and in octocorals [107]. 
A putative ferritin ortholog had more than two-fold higher expression in NPC 
than in S1 corals. Ferritin is involved in response to oxidative stress, sequestering iron to 
prevent destructive Fenton reactions [108, 109]. Transcription factor AP-1 exhibits 
higher expression in preconditioned corals. Among its diverse roles as a transcription 
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factor acting in response to stimuli, AP-1 is involved in the gene regulatory response to 
stress [110]. 
3.3.8 Gene expression co-occuring with thermal tolerance: Differential expression 
between preconditioned and control treatments 
A complementary part of the thermal tolerance story includes changes that 
separate preconditioned corals and untreated controls from non-preconditioned corals and 
controls. All differentially expressed genes at two days of thermal challenge in the 
S1/Control comparison were also differentially expressed between NPC and control 
corals, but with distinct differences in trend (Fig 3, G-1). While lectin, tyrosine kinase 
receptor, and follistatin homologs are upregulated in preconditioned corals in reference to 
controls, these genes are downregulated in non-preconditioned corals. 
After fours days of thermal challenge, 32 genes are differentially expressed 
between S1 and control corals. This set of genes represents considerable overlap with the 
NPC/control comparison, but with much less change in magnitude, in all cases (Table 1). 
Two heme-binding protein 2-like orthologs are upregulated in preconditioned corals, as 
compared to controls. Thymosin beta 4 exhibits slightly increased expression. Two genes 
coding for ribosomal proteins, ribosomal protein l9 and rbm3 protein, show slightly 
decreased expression, with the ribosome-associated nascent polypeptide-associated 
complex subunit alpha also showing decreased expression. 
The nine genes detected as differentially expressed between S1/control and not 
between NPC and control after four days of thermal challenge potentially shed light on 
changes taking place prior to bleaching. One such gene is an electron transferring alpha 
polypeptide homolog, upregulated in the preconditioned treatment, with GO terms for 
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this sequence including electron carrier activity, binding, and catalytic activity. A chorion 
peroxidase homolog is downregulated, with associated GO terms including response to 
stimulus, antioxidant activity, catalytic activity, and electron carrier activity. 
After eight days of thermal challenge, 8 genes are unique to the S1/Control 
comparison. Among these, a rac serine threonine kinase homolog, with associated GO 
terms including signaling and response to stimulus, also showed increased expression. An 
upregulated sequence identified as an oxidase peroxidase  by GO analysis has a potential 
role in antioxidant activity. Homologs of zinc finger protein 704 and tyrosine kinase are 
both downregulated, with potential roles in DNA binding and catalytic activity, 
respectively. 
3.3.9 Genes differentially expressed across multiple days 
Though the majority of differentially expressed genes vary across days, several 
are detected at two or more sampling times. An mRNA putatively coding for a glycine-
rich RNA binding protein was upregulated in NPC/C comparisons after two, four, and 
eight days of thermal stress. Thymosin beta-4 shows decreased expression comparison of 
NPC/C on two, four, and eight days of 31°C thermal challenge, with the PC/C 
comparison showing a slight decrease after eight days of thermal challenge. Calumenin 
showed decreased expression in NPC/C comparisons over the course of thermal 
challenge, but displays an increase in preconditioned corals after eight days of thermal 
challenge. NF-κB inhibitor is downregulated after four and eight days in both NPC/C and 
PC/C comparisons, but to a much smaller degree in preconditioned corals than in non-
preconditioned. 
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3.4 Discussion 
 
 This is the first work to explore the transcriptional state associated with coral host 
thermal tolerance acquired by short-term preconditioning. A host molecular signature of 
bleaching resistance cements the role of the host as a 
critical factor in the persistence of the holobiont with impending threats of global climate 
change [111]. 
We have additionally shown that the duration of thermal preconditioning is 
critical for its efficacy. Middlebrook et al. [24] showed that A. aspera exposed to sub-
bleaching preconditioning for 48 hours one- and two weeks prior to thermal challenge 
conferred resistance to bleaching and maintenance of thermal efficiency. However, our 
similarly-preconditioned pulse treatments (P1 and P2) were ineffective, bleaching 
alongside non-preconditioned corals, while sustained preconditioning (S1 and S2) led to 
thermal tolerance. These potential differences in effective preconditioning regimens 
between A. millepora and A. aspera bring attention to the consideration of physiological 
differences across species. Species-specific thermal physiologies are important 
considerations in the long-term management and modeling of coral reefs. 
The effect of environmental stress on transcriptome states can be truly 
remarkable; for instance, in Saccharomyces cerevisiae more than half of the 
transcriptome is involved in response to environmental changes [112]. Intriguingly, the 
distantly-related S. cerevisiae and Schizosaccharomyces pombe exhibit a conserved stress 
response to most stress conditions, with upregulated genes involved in heat-shock, 
antioxidant roles, carbohydrate metabolism, and energy generation, and a downregulation 
in growth-related genes [112-114]. In Drosophila melanogaster, over 1200 genes were 
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found to be differentially expressed in response to heat stress, and, while the specifics 
concerning stress responses in yeast and Drosophila differ, both involve common gene 
ontologies, including carbohydrate metabolism, cellular defense, protein folding, and 
energy production [115]. 
Prior investigation from our research group has been performed on the heat-
stressed larvae of A. millepora, with transcriptome analysis performed using cDNA 
microarrays [78]. This work showed initial rapid induction of heat shock proteins in heat-
stressed larvae, along with the decreased expression of a fluorescent protein and a 
mannose-binding C-type lectin. Curiously, these aposymbiotic larvae did not show 
detectable induction of genes involved in antioxidant stress response, suggesting that this 
stress may be associated with corals in symbio [78]. Vidal-Dupiol [105] identified the 
downregulation of a mannose-binding C-type lectin and a gene involved in calcium 
processes in Pocillopora damicornis. Using RNA-seq, Meyer et al. [116] also found 
increased expression of heat shock proteins with short-term heat stress, while observing 
decreased expression of ribosomal proteins and up-regulation of genes involved in ion 
transport and metabolism. Amongst these multiple studies, some common patterns fall 
out: initial upregulation of heat shock proteins in the first several hours of heat stress, 
then subsiding [75, 78, 100], with later changes occurring in ribosomal protein 
expression and calcium transport/homeostasis [99, 105, 116]. Also notably, mannose-
binding C-type lectins show decreased expression in response to heat stress across 
disparate coral taxa [78, 105]. 
 We propose a model of thermal tolerance in which the preconditioned coral host 
exhibits an attenuated transcriptional response, in comparison to the more extreme 
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response in gene expression magnitude observed in non-preconditioned corals. It appears 
that acclimatization prior to thermal challenge prevents an extreme response in 
transcriptional magnitude, as indicated by the preponderance of co-differentially 
expressed genes between non-preconditioned/control and preconditioned/control 
comparisons, differing largely by magnitude of expression (Fig. 3 G-I). 
 Such drastic differences between non-preconditioned and preconditioned 
treatments (both in comparison to control) may represent compensation and repair on the 
part of damaged non-preconditioned coral. We may be observing a transcriptome 
overwhelmed. Notably, in this experiment, we were unable to detect changes occurring at 
28°C. A dramatic stress, thermal challenge at 31°C, was required to produce detectable 
differential gene expression between treatments. The explanation for this could be either 
biological or technical; it could be indicative of the role of post-transcriptional gene 
regulation at lower levels of stress, or could represent technical limits of the experiment. 
 Many of the gene expression changes observed were of small magnitude, 
particularly in the preconditioned, thermal-tolerant corals. Small changes in gene 
expression have previously been shown to be of physiological relevance, as in the case of 
precocious sexual maturation in the brains of salmon [117]. In the case of handling stress 
on trout, it has been found that the majority of stress-response genes exhibit small or 
moderate changes in expression [118]. Acquired thermal tolerance via preconditioning 
may be a case of physiological fine-tuning on the part of the host, not massive 
transcriptional changes of large magnitude. 
3.4.1 Lectins implicated in thermal tolerance 
 We detected the differential expression of several lectins over the course of the 
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experiment (Table 1). Most strikingly, a mannose-binding lectin (C_mge-C003-G2-
pre14_T3) was upregulated 2.83-fold in preconditioned corals after eight days of thermal 
challenge, compared to bleaching, non-preconditioned corals. Lectins have been shown to 
be critical in the recognition and onset of Cnidarian-algal symbioses, as in the work of 
Wood-Charlson et al. [106] on the coral Fungia scutaria and even earlier in Hydra viridis 
[119]. A mannose-binding lectin termed Millectin, isolated from A. millepora, has been 
show to bind to both Symbiodinium and pathogens [104]. Later on, Rodriguez-Lanetty et 
al. [78] showed that a homolog of Millectin in A. millepora larvae was down-regulated 
with thermal stress. Similarly, Vidal-Dupoil et al.[105] also identified a mannose-binding 
lectin in Pocillopora damicornis which is downregulated in association with thermal 
stress. Our results add to the body of work implicating lectins in the symbiosis, 
suggesting a role in thermal tolerance. The maintenance of a  
mannose-binding lectin may be important in the stability of coral-dinoflagellate 
symbiosis under duress. 
3.4.2 Heme-binding proteins, ferritin, and iron-induced oxidative injury 
 Heme-binding proteins follow a pattern of expression in which they are 
upregulated in both non-preconditioned as well as preconditioned corals after four and 
eight days of thermal challenge. Though both experimental treatments show higher 
expression than controls, expression is generally higher in non-preconditioned treatments 
than in preconditioned treatments. After eight days of thermal challenge, ferritin 
expression was 2.50-fold higher in non-preconditioned corals than in the preconditioned 
treatment. These events may be indicative of response to iron-induced oxidative injury. 
Superoxide formed by the breakdown of Photosystem II under heat stress and 
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resultant damage to host mitochondria [17] is converted to hydrogen peroxide. If the 
resultant hydrogen peroxide is not processed by antioxidant systems, hydrogen peroxide 
can undergo iron-catalyzed cleavage to the extremely reactive hydroxyl radical [120]. 
This process, the Fenton reaction, can be circumvented by the sequestration of iron [120]. 
Both heme-binding proteins and ferritin can fulfill this role of iron sequestration [121]. 
As such, heme-binding proteins may be an important part of the response of corals to heat 
stress, as indicated by upregulation in both preconditioned corals, as well as in 
nonpreconditioned corals prior to and during bleaching. 
Ferritins are involved in response to oxidative stress and in iron homeostasis [122]. 
Ferritin expression upregulation, in the case of our experiment, is associated with 
bleaching and not thermal tolerance, possibly indicating a loss of stasis and dramatic 
response on the part of the host. Differential expression of ferritin has previously been 
reported in several other experiments of coral heat stress [78, 99, 123-125]. Additionally, 
the work of Schwarz et al. [126] indicates that ferritin appears to be undergoing adaptive 
evolution in A. millepora and A. palmata.  
3.4.3 Transcription Factor AP-1, NF-κB inhibitor, and their role in apoptosis 
 The transcription factor AP-1 is a regulator of diverse cellular processes, 
including cell survival as well as death [127]. This gene, upregulated more than two-fold 
in preconditioned corals, may play a role in thermal tolerance. 
Together, these two early response genes illustrate a hypothesis previously 
proposed using mammalian cells [128]. The early response genes comprising the AP-1 
and NF-κB transcription factors are induced by environmental stress and thought to 
modulate responses to injury processes through the induction of target genes. Mattson et 
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al. [128] showed that the DNA-binding of AP-1 and NF-κB  are associated with changes 
in the cellular redox environment. 
In one model of cnidarian bleaching, heat and light stress lead to hydrogen 
peroxide from the host and symbiont, as well as superoxide from damaged host 
mitochondria, causing the activation the transcription factor NF-κB [17]. NF-κB can also 
be activated by signals including p53 [129] and TNF-alpha [130]. NF-κB can then 
directly activate apoptotic processes, or cause the upregulation of nitric oxide synthases, 
initiating a cascade also culminating in apoptosis [17]. The work of DeSalvo et al. [100] 
supports the involvement of NF-κB in coral bleaching, detecting the upregulation of two 
NF-κB p105 homologs in thermal stress experiments in A. palmata. 
 In mammalian cells, heat stress can affect the function NF-κB by inhibiting the 
translocation of NF-κB to the nucleus. This sequestration of NF-κB from the nucleus is 
believed to be facilitated by NF-κB inhibitor (IκBα), trapping NF-κB in the cytoplasm. 
Heat stress can both prevent the degradation of functional IκBα [131] and trigger an 
increase in mRNA expression of IκBα [132, 133]. 
 By inhibiting NF-κB-mediated apoptosis and resultant bleaching in corals, NF-κB 
inhibitor has the potential to be a critical factor in host thermal tolerance and 
acclimatization. Our results suggest this, with NF-κB inhibitor expression lower in non-
preconditioned corals than in preconditioned corals both prior to bleaching in non-
preconditioned corals after four days of thermal stress, as well as while bleaching was 
underway, after eight days of thermal challenge. 
From work on A. millepora, Pernice et al. [134] propose a model in which thermal 
stress activates caspase-3 dependent apoptosis in cells destined for destruction, with a 
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concurrent increase in expression of an anti-apoptotic Bcl-2 ortholog in surviving cells. 
Similarly, Kvitt et al. [135] identify a putative anti-apoptotic gene in Stylophora pistillata, 
StyBcl-2, coexpressed with a caspase during thermal stress. 
By experimentally blocking the apoptotic pathway with a caspase inhibitor, 
Tchernov et al. [136] demonstrated the apparent protection from bleaching of thermally-
challenged corals. We propose that the initiation of an inhibitor of NF-κB may similarly 
act to arrest the apoptotic cascade, preventing bleaching, as observed in preconditioned 
corals in this experiment. 
3.4.4 Thymosin as an antioxidant and the role of tyrosine kinase receptor in response 
to oxidative stress 
 Originally proposed to be a thymic hormone [137], thymosin beta-4 is the main 
actin sequestering protein in cells, preventing its polymerization [138]. It has other, 
diverse roles in cells, including cell proliferation and regeneration, and anti-inflammatory 
activities [137]. Recently, thymosin beta-4 has been experimentally shown to increase 
antioxidant and anti-apoptosis gene response in murine cells challenged with oxidative 
stress [139]. Thymosin beta-4 shows decreased expression in non-preconditioned corals 
throughout the thermal challenge, with a slight decrease in expression in preconditioned 
corals only occurring after eight days of thermal challenge. Its role in corals is as-yet 
unknown, but it could potentially be involved in cell survival. 
After two days of 31°C thermal challenge, a putative tyrosine kinase receptor was 
downregulated in the NPC treatment and slightly upregulated in the PC treatment, in 
comparison to controls. The occurrence of this differential expression prior to the onset of 
bleaching is suggestive of a potential regulatory  
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role in symbiosis. Importantly, work in other systems has show that tyrosine kinase 
receptors respond to oxidants [140-142]. 
3.4.5 Calumenin and cnidarian/dinoflagellate symbiosis 
Though the precise role of calumenin in cnidarian/dinoflagellate symbiosis has 
not been elucidated, calumenin is the most upregulated gene of the symbiotic state in 
Anemonia viridis, with multiple paralogs and cnidarian-specific duplications [143]. 
Additionally, calumenin is preferentially expressed in the endoderm of A. viridis, the 
tissue layer harboring dinoflagellate symbionts [143]. It is downregulated in NPC, 
decreasing in expression throughout thermal challenge (Table 1). In contrast, calumenin 
shows no significant decrease in expression in preconditioned corals, but is instead 
upregulated after eight days of thermal challenge, in comparison to controls (Table 1). 
The role of calumenin in symbiosis is unclear. Ganot et al. [143] suggest that calumenin 
is involved in host/symbiont recognition, through its regulation of Sym32. Calumenin 
belongs to the CREC protein family, a group of Ca2+-binding proteins with diverse 
cellular functions [144]. Previous work suggests the breakdown of a cellular calcium 
exclusion system as component of coral bleaching [37, 145, 146]. The upset of calcium 
homeostasis is also well-established as an apoptotic trigger [147], an important 
consideration given that apoptosis of host cells is one proposed mechanism of cnidarian 
bleaching [17]. Overexpression of calumenin in thermal-tolerant corals and decreased 
expression during bleaching may therefore be involved in host/symbiont signaling, 
calcium homeostasis, or in apoptosis. 
3.4.6 Absence of differentially expressed hsps 
This experiment did not detect differential expression of heat shock proteins in 
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any treatments at any time point. Similarly, several studies examining thermal stress have 
not detected an upregulation of hsp70 transcripts. Desalvo et al. [99] did not detect the 
upregulation hsp70 after 24 hours of thermal stress in M. faveolata, while Mayfield et al. 
[148] also found no differential expression of hsp70 in Seriatopera hystrix after 48 hours 
of heat stress. Voolstra et al. [125] identified no differentially expressed hsps after either 
12 or 48 hours of heat stress in M. faveolata. It is possible that our sampling times 
following preconditioning and bleaching-threshold heat stress were not early enough to 
capture expression changes, as a heat shock protein transcriptional increase may have 
occurred but returned to normal levels in the 34.5 hour timespan between temperature 
increase and sampling. This interpretation is supported by Rodriguez-Lanetty et al. [78] 
in which transcriptional induction of hsp70, hsp90, and gp96 in A. millepora larvae was 
detected after just three hours of exposure to heat. However, previous work on protein 
expression rather than mRNA has shown the rapid induction of heat shock proteins 
occurs in several corals species [37, 75, 149, 150].  
Alternatively, biological variability leading to high variance between replicates 
may mask detection in this experiment. The differential expression of 488 unigenes 
between colonies in a common garden experiment with A. millepora calls attention to this 
potential explanation [151]. Notably, Hsp70 and catalase were among the differentially 
expressed genes [151]; clearly, intercolony variability in gene expression must be a 
consideration, and may affect the detection ability of a thermal stress experiment. 
 Prior work  in M. faveloata by Desalvo et al. [152] found that host transcriptomic 
states are associated with the type of symbiont occupying the host. This is not the case in 
the present work, as our previous work detected no shift in symbiont type [96], and 
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sampling for the experiment at hand occurred in tandem with the aforementioned work. 
 Microarray results from samples collected Day 4 and Day 20 of the experiment 
revealed no differentially expressed genes. This is not a surprising result for Day 4, as no 
thermal manipulations occurred at that time on treatments assayed by microarray analysis. 
On Day 20, however, the S1 treatment had been preconditioned for 10 days and no 
changes in gene expression were detected. One potential explanation for this is that 
transcriptional changes during preconditioning were below the threshold of detection of 
the microarrays used for this experiment. 
3.4.7 The Importance of understanding acclimatization 
 An understanding of the physiology surrounding coral thermal history and 
associated tolerance is critical for the modeling of reefs in impending climate change 
scenarios. These projections will be invaluable in management strategies for the 
preservation of reefs. Biomarkers of coral health and stress have previously been 
developed (e.g. [153-155]), but markers of coral health from studies considering thermal 
history and indicative of resultant physiological plasticity must be implemented. This will 
allow the identification of at-risk, non-preconditioned coral populations for the enactment 
of management plans. 
 While phenotypic plasticity is in and of itself a critical piece of the capacity corals 
to cope with increasing environmental stressors, the interplay of differential gene 
expression and adaptation provides additional potential for the future of reefs. For 
instance, a transgenerational memory of stress has been shown in Arabidopsis thaliana, 
with the supposition that the genomic interactions of epigenetic processes may increase 
the likelihood of adaptation [156]. There is evidence that, in Escherichia coli, stress itself 
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begets mutation, providing variation for natural selection to act upon [157]. Stress 
response genes tend to be associated with TATA boxes, with important repercussions 
[158]. TATA-containing genes tend to have a higher evolutionary lability, being more 
susceptible to mutation and regulated by more transcription factors than TATA-less 
genes [158].The elucidation of the interplay of stress, acclimatization and plasticity, and 
adaptation will become important under global climate change. 
3.5 Methods 
3.5.1 Coral collection, husbandry, and thermal stress treatments 
Collection of materials for downstream gene expression analysis was conducted 
in tandem with work reported in Bellantuono et al. [96], where temperature profile 
records are included. A. millepora branches 6-8 cm in length were cut from colonies on 
the reef flat in the vicinity of Heron Island (GBR), Queensland, Australia (23°33'S, 
151°54'E) in June 2009. Colonies used for collection were previously genotyped for the 
presence of a carbonic anhydrase intron, and were confirmed to be of one type [151]. 
Branches were embedded in marine epoxy in cut-off 15-ml centrifuge tubes. One-
hundred fifty coral fragments for use in gene expression analysis and 168 fragments for 
assessing Symbiondinium density were allowed to recover for 20 days prior to the 
beginning of temperature manipulations. 
The experiment was carried out in independently-heated 15 L tanks operated as 
open systems, receiving unfiltered seawater from nearby reef flat via a flowing seawater 
system at a rate of 0.3 to 0.4 liters/minute, with additional flow provided by 250 liter/hour 
submersible pumps. Temperatures manipulations tanks were controlled with independent 
heaters. Fragments were randomly assigned to one of six treatments, with four replicate 
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tanks for each treatment. Each tank contained 16 coral fragments, originating from 
multiple colonies. Colony was not considered a factor in our experimental design. 
Control treatments (C) received ambient water (17°C to 25°C) with no temperature 
manipulation. The sustained-1 treatment (S1) tanks were heated to 28°C for ten days 
prior to being ramped up to 31°C. The sustained-2 (S2) treatment was heated to 28°C for 
17 days prior to the increase to bleaching threshold. Pulse-1 (P1) and pulse-2 (P2) were 
heated to the prestress temperature for 48 hours one- and two weeks (respectively) prior 
to the ramp up to bleaching threshold temperature. The non-preconditioned (NPC) 
treatment was ramped up directly from ambient temperature to bleaching threshold 
temperature. Tank temperatures were ramped from 1–2°C per day, with temperature 
changes taking place at 06:30. Ambient water temperature was a mean of 21.4°C 
(standard deviation = 1.6°C). The total length of the experiment was 29 days; the thermal 
challenge portion of the experiment comprised the final eight days with the final 8 days at 
bleaching threshold (mean bleaching treatment = 31.0°C, standard deviation = 0.6°C). 
The experimental system was covered with transparent plastic sheets during heavy 
precipitation. Tanks were covered with shade cloth from 11:00-15:00 daily to simulate 
light attenuation due to high tide and maintain temperature stability. 
3.5.2 Symbiodinium density 
To assess bleaching, coral fragments were collected from each treatment at 17:00 
on days 0, 4, 11, 17, 23, 27, and 29. One fragment was sampled from each tank replicate 
(n=4). For the determination of Symbiodinium densities per surface area, cell counts were 
performed using a Neubauer improved haemocytometer (Hirschmann Laborgeräte), with 
coral area assessed by a wax coating method [52]. 
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3.5.3 RNA extractions 
One coral nubbin was collected at 17:00 from each experimental and control tank 
for RNA extractions and immediately frozen in liquid nitrogen on Day 4 (18 days prior to 
thermal challenge), Day 20 (at which point preconditioned corals had been exposed to 
28°C prestress for 10 days and non-preconditioned corals were also at 28°C en route to 
31°C thermal challenge), and after two (Day 23), four (Day 25), and eight days (Day 29) 
of 31°C thermal challenge. 
The topmost 0.5 cm of frozen coral nubbins were clipped and discarded using 
chilled bone cutters, and subsequently coral fragments ~0.8 cm in length were cut. These 
fragments were crushed, and the frozen powder was transferred to Trizol Reagent 
(Invitrogen) and homogenized. Trizol RNA extraction protocol was followed as per 
manufacturer’s protocol through phase separation, at which point the aqueous layer was 
recovered by pipetting, gently mixed with an equal volume of absolute ethanol, and 
further cleaned with an RNeasy Mini kit (QIAGEN). RNA was quantitated using a 
NanoDrop ND-1000 UV-Vis Spectrophotometer (Nano-Drop Technologies), and 
integrity was assessed by electrophoresis on 1.25% MOPS-agarose gels (EmbiTec). 
3.5.4 Microarray hybridization  
Only RNA samples from control, NPC, and S1 were analyzed by microarray 
hybridization. These treatments were chosen as the S1 treatment (10 days of 
preconditioning at 28°C) exhibited acquired thermal tolerance, with non-preconditioned 
treatments providing for valid comparisons to corals with thermal injury, and controls 
allowing for comparison with corals not subjected to stress treatments. Three biological 
replicates of each treatment/sampling time combination were assayed. The cDNA 
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microarrays implemented in experiments are third generation arrays for A. millepora, 
produced jointly by the Australian National University and James Cook University. Each 
microarray possesses 18,124 features, representing as many cDNA clones [159, 160]. 
Arrays for this experiment were manufactured in a single batch and randomly selected for 
each hybridization. 
A reference design was chosen for this experiment due to its size and multiple 
treatments. RNA from all samples was mixed to make a reference sample. 
Complementary DNA was synthesized from 650 ng total RNA as per Array 900 kit 
protocol (Genisphere) using SuperScript III reverse transcriptase (Invitrogen). Reference 
cDNA samples were synthesized using primers for downstream capture by Cy3; 
experimental samples were synthesized using primers for downstream capture by Cy5. 
Hybridizations were performed with formamide-based hybribization buffer (Genisphere) 
under mSeries LifterSlips (Thermo Scientific). Arrays were prehybridized with 1 µg 
Human Cot-1 DNA for 90 minutes. Hybridization with cDNA was performed for 16 
hours at 47°C. Arrays were washed in 65°C 2x SSC/0.2% SDS for 15 minutes, 2x SSC at 
room temperature for 15 minutes, and 0.2x SSC at room temperature for 15 minutes. Dye 
capture with Array 900 3DNA capture reagents (Genisphere) was performed at 50°C for 
4 hours, using the aforementioned stringency washes. Following the final stringency 
washes, dried arrays were dipped in DyeSaver II (Genisphere). Immediately prior to 
scanning, each array was polished with a toluene / acetone solution (3:1, v/v) and drying 
by centrifugation. Arrays were scanned on a GenePix Personal 4100A (Axon 
Instruments) microarray scanner; initial quality control, gridding, and raw data export 
were performed using GenePix Pro 4.1. 
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3.5.5 Microarray Analysis 
 Data were quality-filtered and reduced to 5000 features in order to eliminate spots 
below the noise window. Background-subtracted mean intensity values were log- and 
lowess-transformed using R/Maanova version 1.18 [161]. A fixed-effect ANOVA model 
was fit to the normalized data. Empirical-Bayes Fs statistic [162] was used to test for 
differentially expressed genes at each sampling time.  P-values for each clone were 
calculated from 500 permutations of residual shuffling. John Storey’s method for false 
discovery rate adjustment [163] was implemented, using an adjusted p-value threshold of 
less than 0.05. For pairwise comparisons, T-tests were performed within MAANOVA for 
the identification of significant interactions within sampling points, using a jsFDR-
adjusted p-value cutoff of less than 0.05. To explore patterns present in the 
multidimensional gene expression data, principal component analysis (PCA) was 
performed using R version 2.10.0 [61]. Blast2GO was used to annotate genes and to test 
for enrichment of particular functional groups between treatments (www.Blast2GO.org; 
[102]). 
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Figure 1. Temperature profiles of the thermal treatments to which Acropora millepora 
fragments were exposed. Non-preconditioned (NPC) treatment with no pre-stress period 
prior to exposure to 31°C. Pulse – 1 (P1) treament was exposed to a 2-day 28°C pre-
stress and returned to ambient temperature for 1 week prior to thermal challenge.  
Sustained – 1 (S1) treatment was exposed to 10 days of 28°C prestress. Sustained – 2 
treatment was exposed to 14 days of 28°C prestress. Pulse – 2 (P2) treament was exposed 
to a 2-day 28°C pre-stress and returned to ambient temperature for 2 weeks prior to 
thermal challenge. Sustained – 2 treatment was exposed to 14 days of 28°C prestress. 
Ambient control (C) treatment was not challenged with any increase in temperature. This 
figure expands upon a smaller dataset originally published by Bellantuono et al. [96]. 
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Figure 2. Symbiodinium density (algal cells per square centimeter). Resident 
Symbiodinium densities at 6 sampling times throughout the course of the experiment; 
days 23, 27, and 29 represent 2, 6, and 8 days of exposure to 31°C. Asterisks indicate 
group is significantly different from controls (p < 0.001, one-way ANOVA with Tukey 
HSD, n=4). A portion of the data presented in this figure was analyzed previously by 
Bellantuono et al. [96]. 
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Figure 3. Microarray expression data. Rows A, B, and C represent gene expression from 
NPC, S1, and C treatments following 2, 4, and 8 days of 31°C, respectively. Left column 
contains principal component analysis plots of differentially expressed genes. Center 
column pie chart illustrated the number and trend of differentially expressed genes, with 
overlaps indicating differentially expressed genes detected across treatments. Column 
right indicates fold change differences between shared differentially expressed genes 
NPC and S1 treatments, both in reference to control. 
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2 days at 31°C    
Contig Annotation (BLAST) NPC-C PC-C PC-NPC 
S_D021-H11_88 ---NA--- 2.11 0.21  
S_mge-C003-A11-
pre80_T3 ---NA--- 1.85 0.49  
C_G031-H09.b1.ab1 ---NA--- 1.68   
S_D034-C10_75 
rac serine threonine 
kinase 1.29   
S_MGE-A050-C7-
post50-T3 ---NA--- 1.22 0.15  
C_D016-D12_92 
glycine-rich rna binding 
protein 1.20   
C_mge-A040-H12-
post95- ---NA--- 1.04   
C_MGE-B015-H7-
prawn55_ ---NA--- 0.91   
S_mge-B034-F3-
prawn21_T3 
na+ k+ atpase alpha 
subunit 0.76   
C_mge-A047-G3-post22-
T collagen alpha-1 chain 0.69   
C_D021-H3_24 
lysosomal membrane 
glycoprotein 2 -0.52   
S_D047-G9_71 ---NA--- -0.84   
C_mge-C011-F7-
pre53_T3 thymosin beta 4 -1.05   
S_D004-H4 ---NA--- -1.16   
C_mge-A044-E12-
post92- calumenin precursor -1.18   
S_D022-E7_53 ---NA--- -1.74   
S_D019-D4_28 ---NA--- -1.74   
S_MGE-A034-H6-
post47-T3 ---NA--- -2.05   
C_MGE-C019-A5-
pre32_T3 tyrosine kinase receptor -2.25 0.13  
C_D004-A11 lectin -2.27 1.44  
S_D015-F4_30 ---NA--- -2.36   
C_D016-C4_27 follistatin -2.52 1.01  
S_D033-B12_90 ---NA--- -2.84   
     
4 days at 31°C    
Contig Annotation (BLAST) NPC-C PC-C PC-NPC 
C_D035-H1_8 
heme-binding protein 2-
like 3.07 0.85  
S_GS01WG04.b1.ab1 ---NA--- 2.26 0.15  
C_X001-E7_53 ---NA--- 2.1 0.52  
C_D037-C12_91 
heme-binding protein 2-
like 2.03 0.44  
C_D016-D12_92 
glycine-rich rna binding 
protein 1.8 -0.1  
S_D021-H11_88 ---NA--- 1.78 0.19  
C_D040-B2_10 rbm3 protein 1.74 -0.14  
C_mge-A042-G6-post46- sodium potassium 1.54 0.58  
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T adenosine 
triphosphatase 
C_mge-A038-E12-
post92- coactosin-like protein 1.52 0.11  
C_MGE-B028-A11-
prawn80 musashi homolog 2 1.5 0.11  
C_MGE-B015-H7-
prawn55_ ---NA--- 1.38 0.33  
C_MGE-A027-C11-
post82- 
dynein light chain 
cytoplasmic 1.26 0.43  
C_D018-D12_92 
nucleoside diphosphate 
kinase 1.01 -0.12  
C_MGE-B015-E7-
prawn52_ 
heterogeneous nuclear 
ribonucleoprotein a2 b1 
homolog 0.97 -0.31  
C_D012-F7_54 elongation factor 2 0.85 -0.48  
C_D017-G10_79 
CDGSH iron-sulfur 
domain-containing 
protein 1 0.58 -0.33  
C_G031-E07.b1.ab1 ribosomal protein l9 0.51 -0.18  
C_mge-C011-B4-
pre25_T3 
nascent polypeptide-
associated complex 
subunit alpha 0.41 -0.17  
C_MGE-B011-G7-
prawn54- 
solute carrier family 25 
(mitochondrial carrier 
phosphate carrier) 
member 3 -0.11  -1.07 
C_D010-C10_75 NF-κB inhibitor -1.12 -0.11  
S_mge-C008-C2-
pre10_T3 
hypothetical protein 
DICPUDRAFT_79811 
[Dictyostelium 
purpureum] -1.22 0.21  
S_D010-A10_73 ---NA--- -1.42 0.32  
C_mge-C011-F7-
pre53_T3 thymosin beta 4 -1.66 0.11  
C_D023-A3_17 ---NA--- -1.75 -0.26  
C_mge-A044-E12-
post92- calumenin -1.95   
C_mge-A008-H1-4817-
T3 decarboxylase -1.99 -0.14  
C_mge-B023-E1-
prawn4_T group II decarboxylase -2.27 -0.18  
C_D018-C8_59 
elegans protein confirmed by 
transcript evidence 0.98  
S_MGE-A050-C7-
post50-T3 ---NA---  0.55  
C_D046-A9_65 electron transferring alpha polypeptide 0.5  
C_mge-A040-H12-
post95- ---NA---  0.49  
S_GS01SG09.b1.ab1 ---NA---  0.11  
S_mge-A041-F5-post37-
T3 
upf0687 protein c20orf27-like isoform 
1 -0.31  
C_MGE-A032-H4-
post31-T chorion peroxidase -0.48  
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8 days at 31°C    
Contig Annotation (BLAST) NPC-C PC-C PC-NPC 
C_D035-H1_8 
heme-binding protein 2-
like 3.02 1.41  
C_D018-C8_59 permease 2.71 1.15  
S_D021-H11_88 ---NA--- 2.62 0.43  
C_MGE-B015-H7-
prawn55_ ---NA--- 1.84 0.29  
C_X001-E7_53 ---NA--- 1.71 0.7  
C_G028-C04.b1.ab1 mannose-binding lectin 1.59   
C_mge-C016-D4-
pre27_T3 ---NA--- 1.4 0.16  
C_D016-D12_92 
glycine-rich rna binding 
protein 1.15 0.1  
C_D003-E7 glutamine synthetase 1.12 0.1  
C_D012-A7_49 
succinate- gdp- alpha 
subunit 1.05   
C_MGE-A032-H4-
post31-T 
chorion peroxidase or 
animal haem peroxidase 1.05   
S_mge-C003-F9-
pre69_T3 ---NA--- 1.03 0.41  
C_mge-B017-G2-
prawn14_ atp:adp antiporter 0.98 -0.12  
S_mge-A047-F6-post45-
T3 ---NA--- 0.94   
C_MGE-A050-D1-post3-
T3 
potential c-type lectin 
(XP_002087457) 0.93 -0.24  
C_MGE-A020-E4-
post28-T 
fibrinogen-related 
domains 0.87   
C_MGE-A027-C11-
post82- 
dynein light chain 
cytoplasmic 0.82   
C_mge-C012-G9-
pre70_T3 ---NA--- 0.78   
C_D049-C11_83 ---NA--- 0.26   
C_D028-B5_34 ferritin 0.25  -2.5 
C_D027-D7_52 ---NA--- 0.23   
C_mge-C003-A1-
pre0_T3 ---NA--- 0.23  0.71 
S_D004-B9 
UBX domain-containing 
protein 7 0.2   
C_mge-B035-C5-
prawn34_ 14-3-3 protein -0.13   
S_D008-A9 ltv1 homolog -0.13  -0.83 
C_D009-C9 transcription factor ap-1 -0.18  2.38 
C_MGE-C019-E2-
pre12_T3 ---NA--- -0.18  0.71 
S_D030-E4_29 ---NA--- -0.36   
C_mge-C001-G2-
pre14_T3 ferritin -0.4   
S_MGE-A018-E7-
post52-T3 ---NA--- -0.41   
C_mge-C004-H9-
pre71_T3 ribosomal protein l37a -0.43  -0.46 
C_D011-C4_27 peroxiredoxin 6 -0.46   
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C_mge-A036-H6-post47-
T ---NA--- -0.48  -1.84 
C_mge-C004-C8-
pre58_T3 
mitochondrial 
peroxiredoxin 5  -0.62 0.32  
C_G030-H02.b1.ab1 ---NA--- -0.63   
S_mge-A040-C9-post66-
T3 ---NA--- -0.64   
C_MGE-A003-G11-
postH18 CD151 -0.7   
C_D031-H1_8 
tpa_inf: small cysteine-
rich protein 1b -0.72   
C_MGE-A015-H4-
post31-T 
predicted protein 
[Nematostella vectensis] -0.73   
C_MGE-A009-C1-5772-
T3 
tpa_inf: small cysteine-
rich protein 3 -0.77   
C_mge-C014-B7-
pre49_T3 
tpa_inf: small cysteine-
rich protein 2 -0.83   
C_mge-B018-F3-
prawn21_ 
predicted protein 
[Nematostella vectensis] -0.87 -0.18  
C_MGE-A005-G11-
19386-T monooxygenase -0.88   
S_D006-C11 
sparc cwcv and kazal-
like domains 
proteoglycan 2 -0.91 -0.44  
C_mge-C003-G2-
pre14_T3 mannose-binding lectin -0.93  2.38 
S_mge-C008-C2-
pre10_T3 
hypothetical protein 
DICPUDRAFT_79811 
[Dictyostelium 
purpureum] -1.01 -0.12  
S_D030-H9_72 ---NA--- -1.07 0.19  
C_mge-C007-F2-
pre13_T3 myophilin -1.08 -0.13  
C_D003-B10 protein NDRG3 -1.12 -0.21  
S_MGE-A014-E11-
POST84-T3 
NADPH-dependent fmn 
reductase -1.16 -0.3  
S_MGE-A034-H6-
post47-T3 ---NA--- -1.17   
C_G031-E03.b1.ab1 
universal stress protein 
(bacterial) -1.19 -0.14  
C_mge-C011-F7-
pre53_T3 thymosin beta 4 -1.29 -0.41  
C_MGE-A009-D7-
57751-T3 ricin b lectin -1.38   
C_D045-H5_40 
A-macroglobulin 
receptor -1.39 -0.44  
C_GS01XC11.b1.ab1 
predicted protein 
[Nematostella vectensis] -1.45   
C_D010-C10_75 NF-κB inhibitor -1.45 -0.5  
C_G030-C08.b1.ab1 
synaptic 2 or 3-oxo-5-
alpha-steroid 4-
dehydrogenase -1.46 -0.25  
S_D019-D4_28 ---NA--- -1.49 0.24  
S_MGE-C017-F11-
pre85_T3 ---NA--- -1.71 0.15  
S_D004-H4 ---NA--- -1.85   
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S_D022-E7_53 ---NA--- -1.93 -0.34  
C_mge-A044-E12-
post92- calumenin -2.02 0.46  
C_D046-E3_21 ---NA--- -2.06   
S_D010-A10_73 ---NA--- -2.06 0.46  
C_mge-A008-H1-4817-
T3 group II decarboxylase -2.13 -0.71  
C_D036-A1_1 Prefoldin 2 -2.13 -0.3  
C_GS01UH10.b1.ab1 mannose-binding lectin -2.16 0.42  
S_D030-C2_11 ---NA--- -2.52 -0.11  
C_D045-E9_69 ---NA--- -3.82 -0.59  
S_D034-C10_75 rac serine threonine kinase 0.82  
C_mge-A038-E1-post4-
T3 ---NA---  0.58  
C_mge-C004-F10-
pre77_T oxidase peroxidase 0.51  
S_D011-G9_71 ---NA---  -0.48  
S_D008-E3 ---NA---  -0.69  
C_D023-A3_17 ---NA---  -0.89  
S_D008-G9 zinc finger protein 704 -1.03  
C_D041-C3_19 tyrosine kinase -1.19  
C_MGE-A049-H4-
post31-T cytoskeletal actin  -0.4 
 
 
 
Table 1. Differentially expressed genes at two, four, and eight days of thermal challenge. 
Differentially expressed genes detected via microarray analysis are represented by 
pairwise treatment comparison by day, indicating fold change difference for each 
treatment pair. Contigs from the microarray were identified using Blast2GO [102]; 
unknown genes are indicated by “---NA---.” 
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Chapter 4: Upstream of Acropora millepora thermal tolerance: a preliminary study 
of putative regulatory sequences of thermal tolerance genes across the Great 
Barrier Reef 
4.1 Abstract 
With the potential demise of reef-building corals on the horizon given ongoing 
climate change amid other anthropogenic environmental stressors, the understanding of coral 
adaptation and acclimatization is paramount for conservation of these organisms. We ask 
whether likely targets for cytosine methylation upstream of thermal tolerance genes in the 
coral Acropora millepora show signs of differential methylation in the northern versus 
southern extents of the Great Barrier Reef, two regions with differing patterns of historical 
thermal stress. Here, we utilized a targeted approach which employed bisulfite sequencing to 
characterize the methylation of DNA elements upstream of activator protein 1, inhibitor of 
NFκB, and a mannose-binding lectin, three genes we have shown to be associated with 
acquired thermal tolerance in our prior work. The current study represents the first attempts 
at identification of cis-regulatory elements in corals. Though our assessment found no 
differential methylation across regions, we identified multiple mutations (i.e., Single 
Nucleotide Polymorphism, SNP) upstream of the genes-of-interest, with one SNP upstream 
of inhibitor of NFκB and five upstream of mannose-binding lectin varying significantly 
between the northern and southern Great Barrier Reef. The function of these putative 
promoter regions remains to be seen, but the variation in regulatory sequence across 
thermally-disparate geography serves to generate hypotheses regarding the role of regulatory 
element evolution in a coral adaptation context. 
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4.2 Introduction 
Coral bleaching is the loss of the mutualistic intracellular dinoflagellates, 
Symbiodinium, and/or loss of photosynthetic pigments [1], a fate caused by hyperthermal, 
light, and other sources of stress [2, 3]. The breakdown of the essential symbiosis 
significantly compromises the health and survivorship of the coral [4, 5]. Considering solely 
the carbon already emitted into the atmosphere, ignoring ongoing emissions in the interim, 
annual bleaching driven by climate change will occur by 2080 [6]. When considering 
ongoing emissions with optimistic reductions in carbon release (stabilizing at 550 ppm 
carbon dioxide), reefs will undergo frequent mass bleaching events by 2030 [6]. The hope for 
coral lies in increased thermal tolerance; an additional 1.5°C would delay high frequency 
bleaching by fifty to eighty years [6]. Intriguingly, apparent bleaching tolerance as a result of 
prior stress has been observed in corals. For instance, less bleaching was observed in the 
2002 warming event on the Great Barrier Reef than in a prior bleaching event in 1998, even 
though 2002 saw more stress than 1998, with higher ultraviolet irradiance in 2002 than in 
1998 [7]. In the instance of reduced bleaching on the Great Barrier Reef in 2002 in 
comparison to 1998, attenuation in bleaching susceptibility was reportedly not the result of 
differential mortality of coral colonies and therefore it is suggested to be attributed to an 
acclimatization process [7]. Furthermore, the long-term effect of thermal tolerance has also 
been recently documented on Southeast Asian reefs, where coral populations that bleached 
during the last major warming event in 1998 showed decreased bleaching susceptibility to 
the thermal stress event that occurred in 2010 [8]. The apparent increase in thermal tolerance 
of corals from Southeast Asian reefs suggests that the thermal history of these sites may have 
played an important role in determining the bleaching severity in 2010 [8]. Another example 
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is the case of one species, Goniastrea aspera, in which the faces of coral colonies that had 
acclimatized to high levels of light remained temperature tolerant even following shade 
conditions for four years, whereas colony faces which were not naturally preconditioned via 
photo stress were susceptible to heat stress [9]. 
Understanding the mechanisms behind the acquisition of thermal tolerant phenotypes 
is crucial if we are to improve the conservation plans for restoration and protection of reef 
corals in impending climate change scenarios. Several hypotheses have been postulated to 
explain the differential patterns of thermal tolerance phenotypes displayed in coral species 
populations from different geographical regions worldwide. These hypotheses include firstly 
the postulation that changes in both the Symbiodinium composition make-up [10-13] and 
associated bacterial community assemblages [14, 15] enhance thermal tolerance and 
survivorship. Secondly, adaptive processes that select for heat-resistant coral host genotypes 
need strong consideration given the hypothesized potential for massive underlying variation 
[16], but this hypothesis has not, as of yet, been tested. A third hypothesis holds that 
physiological acclimatization mechanisms reconfigure new physiological thresholds of 
tolerance in corals [17-19]. 
While some studies have shown evidence that some corals increase their thermal 
tolerance by switching/swapping less heat-resistant algal symbionts by more thermal-tolerant 
ones [11, 20], other studies have documented that switches of new symbionts during 
warming events may not be stable in the long-term [21-23]. In the latter case, reversion back 
to the original algal genotypes of the coral host may occur after recovery from bleaching [24]. 
These findings are also in accordance with studies that have demonstrated that some 
opportunistic heat-tolerant symbionts are not physiologically optimal symbionts in many 
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mutualistic consortia [25, 26]. Regardless of the stability of the heat-resistant symbiont 
switches, it is also known that most coral species might not have the capacity or flexibility to 
switch their symbionts [21, 27]. Additionally, a model-based approach demonstrates that 
symbiont shifts or switches may be detrimental to reef resilience in the Caribbean [28]. The 
proposed deleterious effects of symbiont changes [28] imply that changes of the symbiont 
make-up might not be a feasible evolutionary strategy among the vast majority of coral 
species to adjust to rapid occurring environmental changes associated with global warming.  
Physiological acclimatization provides an important mechanism to cope with 
changing environmental conditions, and coral and their intracellular symbionts might be able 
to respond and adjust in a timely and beneficial way to rapidly changing temperatures 
through this mechanism. Perhaps the most pertinent examples come from our recent studies 
where we have shown that coral can increase their thermal tolerance within a short-term 
acclimative process without changes of the Symbiodinium and bacterial symbionts [19]. We 
have further revealed that a host transcriptomic signature underlies the tolerance associated 
with coral thermal history, and postulated that similar process might also be underlying 
comparable acquisition of thermal tolerance observed in the wild that has not been correlated 
to selective mortality processes or to changes in the symbiotic makeup of the holobiont [18]. 
In a number of cases, corals exposed to anomalous heat events have displayed 
resistance and less susceptibility to subsequent stresses [7, 8, 29, 30]. Because of the short 
time frame in which these reef coral populations have acquired thermal tolerance, it is 
assumed that it might be attributed to an acclimatization process [7, 18, 19]. A viable 
mechanism by which corals may potentially be increasing their thermal tolerance may reside 
in epigenetic modifications, where tolerance and/or resistance are based on the manipulation 
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of the existing genetic information (reviewed by [31]). In any case, there exists evidence for 
the differential transcription across corals with different thermal histories [18, 32], but there 
has not yet been any investigation of the coral regulome, either of sequence or methylation. 
Cis-regulatory elements provide multiple potential hypotheses for acclimatization, 
rapid evolution, and epigenetic memory of prior stress. The differential bleaching patterns 
previously observed in corals have not been demonstrated to be due to genotypes, but rather 
thermal history [7]. As such, epigenetic changes could explain these patterns. Additionally, 
mutation and evolution of cis-regulatory sequences also provides a potential mechanism by 
which coral could rapidly evolve to a changing climate regime. The importance of gene 
regulatory programs has been thoroughly investigated in the context of organismal diversity 
[33, 34]. We hereby posit two distinct possibilities in coral adaptation and acclimatization 
that have not as of yet been investigated. Our first question is whether changes in the 
symbiotic reef corals are occurring above the level of DNA sequence evolution. The 
observed phenotypic plasticity, acquired thermal tolerance within one organism’s lifetime, 
and stable memory effects through time support one hypothesis: epigenetics plays a role in 
coral stress tolerance. Our second question asks whether noncoding DNA sequences, putative 
cis-regulatory elements, vary across regions with disparate thermal history. 
4.2.1 Background on epigenetics and stress response 
Though we have elucidated a molecular response associated with acquired thermal 
tolerance of corals [18], transcription itself is not heritable to daughter cells (See review by 
Turner [35]), necessitating an epigenetic memory in the explanation of these events. 
Epigenetic mechanisms are numerous. Methylation of cytosine (generally at CpG sites) has 
been shown to be a modifier of transcriptional activity, with hypomethylation of active 
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transcription factor binding sites and hypermethylation of silenced DNA. Nucleosome 
position and histone modifications affect chromatin structure and availability. Though a 
universal histone code has not been identified, generally trimethylation of H3K4 are 
suppressors of transcription, while the dimethylation of H3K9 and H3K27 are suppressors of 
transcription. Acetylation of lysine tails on histones H3 and H4 lysine are generally linked 
with transcriptional activation. Additionally, RNA-based mechanisms of epigenetic 
transcriptional modification exist. This study will only examine methylation in clustered 
CpGs upstream of genes-of-interest. 
As long-lived organisms of indeterminate growth, epigenetic changes are a 
conceptually attractive mechanism of memory for previous stress in corals. Phenotypes 
resulting from epigenetic modification caused by the environment are well-documented in 
the literature. Consider the developmental environment of mice: enriching the diet of 
maternal mice with methyl donors increases the methylation of the IAP promoter in utero, 
shifting coat color (Reviewed by Jirtle and Skinner [36]). Additionally, in the Pacific oyster, 
Crassostrea gigas, DNA methylation was found to be involved in stress as well as 
environmental responses [37]. Yeast also demonstrate epigenetic phenomena; 
Saccharomyces cerevisiae previously called upon to induce GAL1 expression via culture on 
galactose media acquire the capacity to subsequently induce GAL1 more rapidly than yeast 
not previously exposed to galactose [38]. Of particular interest in the coral context is an 
example of another organism consisting of a host/microalgal symbiont: it has been 
demonstrated that in lichen, the fungal has more DNA methylation when engaged in 
symbiosis with its algal symbiont, as compared to the methylation found in the aposymbiotic 
fungal host [39]. 
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Epigenetic processes have not only furthered our understanding of variation and 
regulation at the genomic and cellular levels, but they have also challenged our 
understanding of heritable phenotypic variation at the level of whole organisms and even the 
process of evolution by natural selection [40, 41]. Although many of the epigenetic 
mechanisms involved in differential gene expression are reset each generation, some 
epigenetic marks are faithfully transmitted across generations [42, 43]   Several studies 
suggest that epigenetic variation alone can cause significant heritable variation in phenotypic 
traits  (e.g. [44-46]). 
Epigenetic effects via DNA methylation have been most thoroughly studied in plants, 
especially in regard to acclimative response to stress and the environment. For instance, in 
maize roots, a gene called ZmMI1 is induced by exposure to cold stress [47]. As a result of 
the treatment, the core region of the gene was found to have a reduction in methylation which 
persisted through periods free from cold stress [47]. An increase in DNA methylation in pea 
roots was associated with cold stress [48]. Under salinity stress, Mesembryanthemum 
crystallinum changes from C3 photosynthesis to CAM photosynthesis; the change in 
photosynthetic pathway is associated with the hypermethylation of a specific satellite DNA 
[49]. The presence of DNA methylation-based epigenetic responses in corals remains 
completely unexplored, but given the foundation of methylation-mediated alterations to plant 
epigenomes (Review by [50]), there is a sound basis for exploration in corals. 
Although histone modifications may confer cytosine methylation (Reviewed by 
Chinnusamy and Zhu [50]), DNA methylation is the focus of the present study as this is seen 
as a more stable form of epigenetic modification than histone modifications. Additionally, 
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DNA methylation has already been confirmed in an anthozoan cnidarian, the sea anemone 
Nematostella vectensis, as well as in the freshwater hydrozoan Hydra magnipapillata [51]. 
4.2.2 Cis-regulatory elements and adaptation: evo-devo and eco-evo-devo 
The importance of gene regulatory programs has been thoroughly investigated in the 
context of organismal diversity (e.g., [33, 34]). More recently, the interaction of a larger trio, 
that of ecology, evolution, and development, has become recognized, termed eco-evo-devo. 
As a consequence of the generally highly pleiotropic nature of transcription factors, they tend 
to be conserved. However, downstream targets of transcription factors, that is, promoters and 
enhancers, are potentially expressed under context specific circumstances, and are thereby 
under more relaxed selection. While the protein-coding portion of a gene may be invariable 
across environments, the activity and function of promoters may be specific to the particular 
environment, as posited by Moczek et al. [52]. 
One of the foundational concepts behind evo-devo is that of ancestral genetic 
complexity; that is, that long-since diverged taxa share a basic collection of both patterning 
and structural genes [34]. For instance, of the 12 Wnt gene families identified in vertebrates, 
11 are found in the cnidarians [53]. Many of the genes identified in coral stress response, and 
in particular those which form the focus of this study, have vertebrate orthologs, thereby 
fulfilling this principle of evo-devo. If the evolution of cis-regulatory elements provides for 
the morphological diversity seen in metazoans via modification of developmental gene 
expression programs, the application of the same concepts to the advantageous adaptation of 
a stress response program is a natural extension. With cis-regulatory elements less hindered 
by the pleiotropic effects associated with protein-coding sequence evolution and the potential 
for the tinkering of already-present programs, taking a page from the evo-devo school of 
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thought and considering the role of promoters and regulation in coral adaptation is necessary 
extension from current studies, which have tended to focus on transcriptomic effects and this 
far ignored upstream processes.  
4.2.3 Evidence for the heritability of stress response in coral 
The genetic basis of coral stress tolerance in the context of eco-response has seen 
notable investigation in recent times. The work of Csaszar et al. [54] attempts to estimate the 
amount of phenotypic variation with a genetic basis. Comparing two populations of A. 
millepora on a phenotypic basis, they identified heritabilities amongst photosynthetic traits 
and within the photoprotective profile of the symbionts. The group suggests low heritability 
with regard to host gene expression phenotypes, and as such express concern regarding host 
adaptation in the face of climate change [54]. However, it is worth mentioning that only the 
expression of four genes were assessed, and that manganese superoxide dismutate was found 
to be significantly heritable in one population, with a zinc metalloprotease heritable in the 
other [54]. Casting a wider net with the use of cDNA microarray interrogating 1,310 
unigenes, Polato et al. [55] compared the heat stress response of Montastraea faveolata 
larvae from Mexico and Florida sites of origin. In spite of the presence of gene gene flow 
between the two sites assessed, the study revealed origin-specific gene expression patterns 
[55], giving evidence for a host response to differing environmental exposure. For further 
evidence for heritable parental influence, we look to the recent work of Polato et al. [56], in 
which parental crosses between Acropora palmata of known microsatellite genotypes we 
performed for the specific purpose of creating two pools of genotypically distinct larval 
offspring. Via transcriptome analysis of the developing larvae under heat stress, the 
differentially expressed genes were discovered between the two larval pools, indicating a 
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heritable signature of thermal response in development [56]. Though these transcriptome-
based studies are supportive of a heritable basis for thermal tolerance, they do not point to the 
actual locus responsible, or whether the effects are of genetic or transgenerational epigenetic 
influence. 
In addition to the arguments for host and holobiont adaptation, there is evidence for 
the local adaptation of the symbiont [57]. Isolating Symbiodinium of the same type but from 
origins of disparate thermal history, Howells et al. [57] show that the thermal history of 
corals is affected by the provenance of the in hospite Symbiodinium. By performing a 
reciprocal transplant experiment with A. millepora between the warm central and cool 
southern Great Barrier Reef, Howells et al. [57] showed that the historical thermal limits to 
which corals were exposed were associated with physiological limits of the holobiont. 
Though the researchers speculate that genotype drives the difference in thermal response, 
bleaching tolerance, and growth under novel conditions, the experiment does not allow for 
the deterministic identification of the mechanism behind the phenotypes observed [57]; the 
mechanisms driving the observed differences in growth and thermal tolerance between 
transplant sites may be due to host and/or symbiont genotype, could conceivably be a 
persistent epigenetic state in one or more of the symbiotic partners. Clearly, an understanding 
the adaptive potential of all symbiotic partners is a critical piece of forecast reefs, and our 
current understanding of host adaptation is limited. Pinning down the mechanism behind 
observed patterns of heritable thermal response remains an open problem, yet an important 
one in the changing global climate. 
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4.2.4 Questions and aims 
Though prior work on corals has focused on differential genotypes across 
environmental gradients through the examination of neutral markers (e.g., [58]), epigenetics 
as a mechanism for acclimatization and the survey of putative functional DNA markers has 
only received cursory mention and no definitive empirical testing. There is an urgency to 
understand the epigenetic patterns and cis-regulatory elements that may be underlying 
physiological tolerance to thermal stress. This present study represents the first attempt at 
coral population epigenetics and the first assessment of potential regulatory elements across 
spatial and thermal regimes. 
4.3 Materials and methods 
Three genes-of-interest, inhibitor of nuclear factor kappa beta (IκB), mannose-
binding lectin (MBL), activator protein 1 (AP-1), were selected from the nine differentially-
expressed genes with known association with acquired coral thermal tolerance [18]. In prior 
work [18], these genes were all upregulated in thermal-tolerant fragments of the reef-building 
coral A. millepora. Genes-of-interest for this study were chosen based upon knowledge of 
putative orthologs, the role of the genes in other studies, and the ability to uniquely map the 
genes to the A. millepora draft genome (www.coralbase.org; accessed December 10, 2012). 
The protein product of the gene AP-1 regulates a diverse range of cellular processes and is 
associated with both cell survival and cell death [59]. The protein produced by the gene IκB 
is hypothesized to halt NF-κB-mediated apoptosis of host gastrodermal cells containing in 
hospite Symbiodinium [18], thereby preventing apoptosis-based bleaching [60]. Mannose-
binding lectins have recognized importance in the initiation and maintenance of cnidarian-
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algal symbioses [61, 62], with mannose-binding lectins also displaying decreased expression 
in response to heat stress in multiple coral taxa [63, 64]. 
The three selected genes, putative orthologs of inhibitor of nuclear factor kappa beta 
(IκB), mannose-binding lectin (MBL), activator protein 1 (AP-1), were mapped to the draft 
genome using a combination of local BLAST [65] and Exonerate [66]. 
Three kilobases (draft genome assembly quality permitting) of sequence upstream of 
the start codon of each gene-of-interest were examined for CpG enrichment using 
MethPrimer [67]. The following parameters were used to identify areas enriched for CpGs: 
Window = 100; Shift = 1; Observed/Expected >= 0.6; CG% >= 50%. To identify candidate 
cis-regulatory elements within the 5′- flanking region of the genes of interest, the promoter 
identification tools PROSCAN version 1.7 [68] and Cister [69] were implemented on 
upstream sequences. Primers generated with the aid of MethPrimer were chosen for use on 
population samples based upon following criteria: 1) the primers flanked regions enriched for 
CpGs; 2) intended amplicons either contained putative cis-regulatory elements or resided in 
the direct proximity of such elements (see Figure 3.); and 3) amplified the intended target 
specifically and robustly from bisulfite-converted Acropora millepora genomic DNA. 
Sample sites were selected on the basis of historical thermal differentials between 
sites; historical sea surface temperature data from 2000 to 2013 (available at 
http://coralreefwatch.noaa.gov/) indicates that the mean summer sea surface temperature is 
2.3°C higher in Prince Charlotte Bay than Heron Island (Sites shown in Figure 1; historical 
SST synthesized in Figure 2). Tissue from live coral colonies had previously been collected 
and extracted in 2008 using the DNEasy Blood & Tissue Kit (QIAGEN, Valencia, California, 
USA) from salt-saturated DMSO-preserved tissue samples collected, with DNA stored in 
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Tris-EDTA at -20°C. The method of methylation detection we implemented depends upon 
the complete deamination of unmethylated cytosines to uracil by reaction with bisulfite, 
followed by downstream PCR of this template, to yield thymine at each position which was 
originally an unmethylated cytosine[70]. While unmethylated cytosines are converted, 
methylated cytosines are protected from bisulfite attack and do not undergo deamination; 
thereby, one can elucidate the presence or absence of cytosine methylation by the comparison 
of PCR-amplified, bisulfite-converted DNA with a reference sequence, either via Sanger 
sequencing or other SNP detection methods [70]. Eleven DNA samples from Prince Charles 
Bay, Queensland, Australia (collected in 2008) and 13 from Heron Island, Queensland, 
Australia, were used for downstream analysis. DNA samples were bisulfite-converted using 
80 ng gDNA with the EpiTect Bisulfite kit (QIAGEN, Valencia, California, USA), following 
manufacturer’s protocol for a 40 µl elution volume. 
The initial intent was to use methylation-sensitive high resolution melting, a method 
which differentiated between methylated and unmethylated DNA based upon differential 
melt curves of differentially-methylated bisulfite-converted DNA [71, 72], providing rapid 
identification of methylation. As such, primers were designed to amplify fragments of less 
than 200 base pairs to enhance the sensitivity for methylation detection [72]. Fragments 
upstream of IκB, MBL, and AP-1 were initially amplified using primer pairs IκB_BIS, 
AP1_BIS, and MBL_BIS, as listed in Table 1. Initial PCRs were carried out using on a Bio-
Rad CFX-96 real-time PCR machine. The reaction mix for each amplification consisted of 10 
µl of Precision Melt Supermix (Bio-Rad, Hercules, California, USA), 0.5 µl of each 
appropriate forward and reverse primer (Table 1), 1 µl bisulfite-treated DNA (equivalent to 2 
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ng gDNA), and 8 µl water. No template controls employed water in place of bisulfite-treated 
DNA. 
Thermal cycling was performed on a Bio-Rad CFX96 instrument, with SYBR as the 
selected fluorophore. The PCR program for IκB and AP-1-associated fragments included a 2 
minute initial denaturation at 95°C, followed by 40 cycles of 95°C denaturation for 10 
seconds, 57°C annealing for 30 seconds, and 72°C extension for 30 seconds. Amplification 
was followed by a high-resolution melt analysis, beginning at 95°C for 30 seconds followed 
by 60°C for one minutes, and subsequently ramping from 65-95°C in 0.2°C increments at a 
rate of 10 seconds per step. The thermal program was identical for the MBL-associated 
fragment, with the exception of a 54°C annealing. PCR products were electrophoresed on 1% 
agarose/TBE gels to confirm amplification of a discrete product of the expected size (Table 
1). 
Preliminary direct Sanger sequencing of the products resulting from the bisulfite-PCR 
was initially performed to confirm the amplification of the intended loci. However, this 
sequencing effort additionally indicated the presence of SNPs between and within locations, 
and between the genome sequence and sample. The original intent was to use high resolution 
melting to identify differential methylation across samples [71, 72], as aforementioned, but 
the presence of polymorphisms across samples would confound the intended melt analysis. 
As such, we opted for the direct Sanger sequencing of the amplicons produced from all 
samples. However, direct sequencing using the aforementioned primers was inconsistent and 
tended to yield short, noisy reads. To circumvent this, universal sequencing primers were 
integrated into the 5’ ends of the gene-specific bisulfite-PCR primers; M13REV (5′-
CAGGAAACAGCTATGACC-3′) was added to each forward primer, and M13(-21) (5′-
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TGTAAAACGACGGCCAGT-3’) was added to each reverse primer (Table 1.). PCR 
products from the primary bisulfite-PCR amplifications were electrophoresed on 1% 
agarose/TBE gels. For each electrophoresed PCR sample, the product band was pierced with 
a 10 µl pipette tip. As such, the tips carried the template for a high fidelity/low cycle 
reamplification. The reamplification served to add M13 tails to the PCR products; the pipette 
tips were briefly immersed in the following reaction mix: 25 µl OneTaq 2x Master Mix (New 
England Biolabs, Ipswich, Massachusetts, USA), 0.5 µl each (10 mM) of the appropriate 
M13-tailed forward and reverse primers (Table 1), and 24 µl of water. The reamplification 
reaction mix was cycled with the following program on a Bio-Rad T100 instrument: a 2 
minute initial denaturation at 95°C, followed by 20 cycles of 95°C denaturation for 10 
seconds, 57°C annealing for 30 seconds, and 72°C extension for 30 seconds, and a 
subsequent 7 minute final extension at 72°C. The PCR products produced by reamplification 
were directly sequenced by the University of Florida ICBR Core Facility (Gainesville, 
Florida, USA) using the sequencing primer M13REV (5′-CAGGAAACAGCTATGACC-3′). 
Chromatograms were manually inspected for quality and misreads, and analyzed 
using Mutation Surveyor (SoftGenetics, State College, PA, USA), for both differential 
methylation as well as mutations, in reference to the A. millepora genome assembly. As the 
mutation data is preliminary and should be consider as such, SNPs were analyzed 
individually. For every SNP, a 2x2 contingency table was constructed by counting the 
number of times each new allele (in reference to the genome assembly) appears from each 
population samples (Heron Island vs. Prince Charles Bay); the analysis of the resultant 
contingency table with a Fischer’s exact test was performed in R [73]. 
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4.4 Results 
4.4.1 Identification of CpG islands and promoter-like elements 
The DNA sequences upstream of AP-1, IκB, and MBL were all associated with areas 
enriched for CpGs (Figure 3). Two CpG islands were found in association with IκB, one 
2,907 base pairs upstream of the start codon and extending 189 base pairs, and the other 
beginning 1358 base pairs from the start codon, with a total length of 100 base pairs (Figure 
3 A). With MBL, six CpG islands of greater than 100 base pairs each were found between 
977 to 2520 bases 5’ of the start codon (Figure 3 B). Two CpG islands were found upstream 
of AP-1, one 1,626 base pairs upstream of the start codon and extending 189 base pairs, and 
the other beginning 90 base pairs from the start codon, with a total length of 100 base pairs 
(Figure 3 C). Promoter-like elements were identified in all three genes-of-interest; promoter-
like elements indicated in Figure 3 represent a synthesis of both promoter identification tools 
implemented. Full data on promoter-like elements identified are given in Figure 4 and Table 
7 for IκB; Table 8 for MBL; and  Figure 5, Table 9, and Table 10 for AP-1. 
4.4.2 Bisulfite sequencing 
Of the 24 CpGs assayed in 24 samples (7 CpGs upstream of AP-1; 9 CpGs upstream 
of IκB, CpGs in product: 9; 8 CpGs upstream of MBL), none show either complete or partial 
methylation. Inspection of non-CpG cytosine loci show complete conversion to thymine, 
indicating complete conversion via bisulfite treatment in the experiment. See Table 4, Table 
5, and Table 6 for complete methylation and bisulfite conversion data for fragments upstream 
of .IκB, MBL, and AP-1. 
 
 
	   98	  
4.4.3 Sequence variants between sites 
Mutation analysis of the targeted bisulfite-converted sequencing effort identified 
SNPs upstream of the three of the genes-of-interest surveyed. All sequence polymorphisms 
discovered are presented in reference to the A. millepora draft genome (www.coralbase.org; 
relevant sequence excerpts available in Table 3). 
Thirty SNPs were identified in total, with 18 present in multiple individuals (12 
singletons). Five of the polymorphisms exhibit frequency counts that differ significantly 
between Prince Charlotte Bay and Heron Island populations (Fischer’s exact test, P>0.05). 
With the limitations of the small dataset presented, meaningful calculation of linkage 
disequilibrium between SNPs is not viable, and note that no false discovery rate corrections 
are made for multiple tests. 
4.4.4 IκB 
Thirteen SNPs were identified upstream of IκB, with two of the new alleles (position 
1712 and 1750; see Table 2 A and Table 3) present in multiple samples. One of the new 
alleles, a guanine to adenine mutation at position 1750, is present with significantly higher 
frequency in samples from Heron Island than in samples originating from Prince Charlotte 
Bay (p=0.00004, Fischer’s exact test, Table 2 A). The novel SNP is of particular interest as 
lies within a potential promoter region, as detected by Cister ([69]; see Figure 4 and Table 7), 
directly adjacent to a potential LSF-like binding site; the  transcription factor itself, LSF, has 
numerous important roles in cell survival [74]. 
4.4.5 MBL 
Fifteen SNPs were identified upstream of MBL, with fourteen of the new alleles 
present in multiple samples (Table 2 B and Table 3). Four of the new alleles, a guanine to 
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adenine mutation at position 1948, a guanine to adenine mutation at position 1954, an 
adenine to guanine mutation at position 1979, and a guanine to thymine mutation at position 
1994, are present with significantly higher frequency in samples from Heron Island (p<0.01, 
Fischer’s exact test, Table 2 B) than in samples originating from Prince Charlotte Bay. These 
polymorphic sites are in relative proximity to a promoter-like region, lying from position 
2130 to 2380, which includes E2F-like and AABS_CS2-like promoter signals (Refer to 
Table 8) . 
4.4.6 AP-1 
Two SNPs were identified upstream of AP-1: an adenine to guanine mutation at 
position 2120, and a thymine to adenine mutation at position 2166. Both of the novel alleles 
were present in two samples; the frequency of both of these novel alleles showed no 
significant difference between Heron Island and Prince Charlotte Bay (P=1 at position 2120 
and P=0.20 at position 2166, Fischer’s exact test, Table 2 C). These polymorphisms do, 
however, lie within the predicted promoter regions identified by both Proscan Version 1.7 
[68] and Cister [69] (Refer to Table 9, Figure 5, and Table 10). Promoter-like elements were 
predicted in the direct vicinity, including an AP-1 binding site (position 2112) and CP1 
(2027) detected with Proscan Version 1.7 [68], and CCAAT signals at positions 2064 to 2079 
and 2024 to 2039, as indicated by Cister [69] (See Table 9, Figure 5, and Table 10). 
4.5 Discussion 
For more than a decade, the present and impending threats on reefs have been 
recognized, with an understanding that corals occupying reefs will either acclimatize, adapt, 
or perish [4, 6, 75, 76].  Here, we have performed the first assessment of putative coral 
promoters across populations, spanning disparate thermal regimes. In the exploration of both 
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acclimative and adaptive responses to thermal history, we have found that variation exists in 
regulatory sequence between populations with differing thermal histories. Underlying 
variation is a necessary precursor for adaptation, and this work provides key first-line of 
evidence of variation, which opens the door for the possibility of coral thermal adaptation 
and persistence in a changing climate. 
4.5.1 Polymorphic DNA upstream of thermal tolerance genes 
The multiple polymorphisms identified upstream of coding sequence for IκB, MBL, 
and AP-1 should, with the evidence presented, be considered effects of population of origin, 
pending further studies. The work of van Oppen and collaborators [58] indicates significant 
population structure along the Great Barrier Reef. At present, we cannot rule out that the 
polymorphisms in the promoters of IκB and MBL which differ significantly in frequency 
between a region with a history of higher thermal stress (Prince Charlotte Bay) than those 
from an area of a lower heat stress (Heron Island) are simply neutral mutations, with no 
effect on fitness. In spite of this, the polymorphisms in the 5’ regions of IκB and MBL appear 
in noteworthy locations, potentially in the promoter regions of these genes. In the human 
systems, there are many instances in which polymorphisms upstream of gene coding 
sequence display have significant effects on health and disease; for example, promoter 
polymorphisms have been identified as being significant factors in diverse conditions, such 
as the response to toxic shock syndrome [58], HIV progression [77], propensity for allergic 
asthma [78], and even stress response and depression [79]. With their broad-reaching impacts 
in the well-studied human system, the implications of promoter allelic diversity provides for 
corals is as-yet unknown, but holds the potential for involvement in response to stress and 
disease. 
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With our evidence for variation within putative regulatory elements as well as 
significantly different frequencies of the SNPs between areas of variant historical stress, the 
potential implications of these polymorphisms in adaptation bears discussion.Evolution of 
the regulatory program of heat stress response is a conceivable mechanism for evolution of 
corals and the development of novel phenotypes, and the basis for this school of thought is 
far from novel. Evolutionary work with a cis-regulatory-element focus dates to that of Jacob 
and Monood in 1961 [80], though in bacterial operons. The core tenet of evo-devo, that 
phenotypes are dependent upon the timing and dosage of protein products, originally arose 
from the work of Zuckerkandl and Pauling [81]. King and Wilson [82] speculate on the 
surprising similarity of human and chimpanzee genes but disparities in form. The line of 
thought regarding morphological disparity despite gene similarity was clarified by Jacob in a 
landmark 1977 paper which brought focus to the importance of gene regulation in an 
adaptive context [83]. Carroll [34] suggests that cis-regulatory element remodeling is one 
mechanism by which the level of gene expression may be modified. Göttgens et al. [84] 
provide evidence for the remodeling of a promoter of critical gene in vertebrate development, 
SCL, with the fixation of several mutations associated with the mammalian radiation. The 
results presented here show that the underlying requirement for adaptation via cis-regulatory 
evolution elements is present: variation itself, upson which selective processes can act. While 
the frequencies of the IκB- and MBL-associated vary significantly between the northern and 
southern sites investigates, we cannot as yet rule out that the pattern observed is simply a 
mirroring of the population structure along the Great Barrier Reef [58], but we also cannot 
rule out the possibility that the observed differences have a functional basis. 
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Prior work estimating the underlying variation in corals speculated that approximately 
100 million somatic mutations could appear in a single medium-sized branching coral [16]. 
The experimental results presented here support that there may indeed be vast amounts of 
underlying variation between individuals, potentially allowing for selection and evolution of 
stress-tolerant genotypes. The rigorous extension of the results at hand, to elucidate 
physiological differences between the variant haplotypes of candidate promoters of IκB and 
MBL, will initially require identification of the transcription factor(s) binding these regions. 
Transcription factor identification could be accomplished via yeast-one-hybrid screening [85], 
and followed up with subsequent functional assessment of the variant promoter haplotypes in 
vitro (e.g., [86]). 
4.5.2 Absence of methylation at targeted loci 
It has long been held that cytosine methylation is not as pervasive in invertebrates as 
it is in mammals [86]. However, the regulation function of methylation in invertebrates has 
come to light in recent years, with increasingly more methylation identified in invertebrates, 
and a potential ancestral role of methylation posited as having importance in the control of 
genes subject to noisy or aberrant expression [87]. For instance, in both the pea aphid and 
honeybee, methylated genes tended to be universally expressed in alternate phenotypes of the 
organism [88]. Furthermore, in the honeybee, the DNA methylation has intrinsic and critical 
roles in the caste system; that is, the production of alternate phenotypes, and is influenced by 
nutrition [89]. One important consideration is that the genes explored here, AP-1, MBL, and 
IκB, are not just at times of thermal stress but are also expressed under normal reef conditions, 
as shown by the expression of these three genes in the common garden experiment performed 
by Granados-Cifuentes et al. [90]. As such, the genes-of-interest in this study may like have 
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important roles in the normal day-to-day physiology of the host, and may for that reason not 
be regulated by methylation. Despite our lack of evidence for methylation in the targeted 
survey performed, methylome analysis of corals, both for the basic understanding of gene 
regulation and as a potential mediator of acclimative responses to repeated stress, deserves 
deeper investigation. 
Our presented lack of evidence of differential methylation across populations, or even 
the presence of any methylation at the loci-of-interest, should not be taken to indicate that 
methylation and other epigenetic mechanisms lack a role in coral acclimatization, thermal 
response, and stress memory; instead, we suggest that future works go beyond a gene-
specific target approach, and implement genome-wide assays to assess methylation patterns 
and identify differential methylation (or lack thereof) across corals with varying thermal 
tolerance and histories of stress exposure. An additional limitation of this study is that DNA 
samples were extracted from entire coral fragment homogenates, without respect for isolating 
nucleic acids from a particular tissue or cell type. The intrinsic mixture of cell types imposed 
by the extraction method attenuates any cell type-specific methylation signal. In recognition 
of the potential for signal attenuation due to DNA extraction from whole coral homogenates, 
future work should consider targeting specific cell and/or tissue types for methylation 
analysis depending upon the question at hand. For instance, the isolation of gastrodermal 
cells populated with dinoflagellates would be necessary to study the methylation state of cells 
engaged in symbiosis. 
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4.5.3 Conclusion 
The study presented here marks the first characterization of putative cis-regulatory 
elements in corals, alongside with the identification of polymorphism which vary 
significantly across a thermal gradient. As these DNA elements are associated with genes 
with a known role in coral thermal tolerance [18], are adaptive implications with these 
findings. With their intriguing location in putative cis-regulatory elements, the 
polymorphisms identified in this study open the door for future genome-wide scans of loci 
under selection in corals across thermal gradients, to identify potential selection and 
adaptation in progress. Additionally, the functional assessment of these promoters and others 
DNA elements-of-interest may serve to help unlock the mechanisms of thermal tolerance and 
understanding coral resilience in a world of changing oceans. 
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Table 1. Novel primers pairs used for the amplification and reamplification of bisulfite-converted DNA and reamplification of 
PCR products for sequencing. Amplicon length indicates the size of the PCR fragment resulting from each pair of primers listed. 
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Figure 1. Map indicating the origin of A. millepora samples. Sample originate from the 
reef flat surrounding Heron Island (GBR), Queensland, Australia (23° 26' 39" S, 151° 54' 
47" E), and from Prince Charlotte Bay (GBR), Queensland, Australia (14° 25' 0" S, 144° 
0' 0" E). Map courtesy of Commonwealth of Australia (Geoscience Australia). 
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Figure 2. Mean sea surface temperature data from Prince Charlotte Bay and Heron Island. 
Historical SST data of the two regions from which samples originate from NOAA Coral 
Reef Watch, available at http://coralreefwatch.noaa.gov/. The figure summarizes sea 
surface temperature data from November 28, 2000, through July 11, 2013. Error bars 
indicate standard deviation. Mean Prince Charlotte Bay sea surface temperature is 26.9° 
Cover the timespan analyzed; mean Heron Island temperature is 24.6° C. 
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Figure 3. CpG locations and promoter-like elements identified upstream of inhibitor of 
nuclear factor kappa beta (A),  mannose-binding lectin (B), and activator protein 1 (C). 
Sequences analysis three kilobases of sequence upstream of start codon as well as the 
first 100 base pairs of coding sequence is shown for inhibitor of nuclear factor kappa beta 
(A) and mannose-binding lectin (B); analysis of 2237 base pairs of activator protein 1 
upstream sequence is shown, also with the first 100 base pairs of coding sequence. All 
sequences analyzed are shown in Table 3. 
Promoter-like region
Promoter-like region
Promoter-like region
A. inhibitor of nuclear factor kappa beta (???)
B. mannose-binding lectin (???)
C. activator protein 1 (AP-1)
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Table 2. DNA polymorphisms present between the reference genome (see Table 3 for 
relevant genomic sequences) and targeted bisulfite sequencing of fragments upstream of 
IκB, AP-1, and MBL. The top row of each matrix indicates the nucleotide position of 
each polymorphism, with the reference sequence at the given position in parentheses. 
Positions in the matrices containing a minus symbol (-) indicate that the particular sample 
does not vary from the reference genome at the corresponding locus. Variations from the 
reference genome are shown for each sample, with heterozygotes designated by the 
presence of two nucleotides at one locus. All positions are relative to sequences upstream 
of genes-of-interest available in Table 3, with the first position of each upstream 
sequence fragment corresponding with position one in this table. 
 
A. inhibitor of nuclear factor kappa beta (???)
B. mannose-binding lectin (???)
C. activator protein 1 (AP-1)
Mutation Position
Site Sample 2120 (A) 2166 (T)
HI 2 - -
HI 3 - -
HI 8 - -
HI 10 - -
HI 12 - -
HI 16 - -
HI 17 G -
HI 18 - -
HI 19 - -
HI 20 - -
HI 21 - -
HI 22 - -
HI 25 - -
PCB 6 - -
PCB 7 - -
PCB 9 - -
PCB 10 G -
PCB 11 - -
PCB 13 - -
PCB 14 - -
PCB 16 - TA
PCB 17 - -
PCB 18 - -
PCB 19 - TA
P-value 1.00000 0.19928
Mutation Position
Site Sample 1932 (G) 1948 (G) 1954 (G) 1955 (A) 1976 (A) 1979 (A) 1985 (A) 1988 (T) 1994 (G) 2008 (T) 2011 (G) 2027 (G) 2040 (G) 2049 (C) 2050 (G)
HI 2 GA A A - AG AG AG - T - GT - - G A
HI 3 GA GA A - AG - - - T - GT - - G A
HI 8 - A A - - AG - - T - - - - G A
HI 10 - A A - - AG - - T - - - - G A
HI 12 n.a. A A - - - - - T - - GT GA G A
HI 16 - - A AG - - - - T - - - n.a. n.a. n.a.
HI 17 GA GA A - - - - - T - - GT GA G A
HI 18 - - - - - - - - GT - - - - - -
HI 19 - - - AG - - - - T - - - n.a. GC GA
HI 20 n.a. n.a. n.a. n.a. - - - TC T - - - - - -
HI 21 n.a. A A - - AG - - T TG - - - G A
HI 22 A A A - AG - AG - T - GT GT GA G A
HI 25 - GA GA - - AG - - T TG - - - GC GA
PCB 6 - - - - - - - - GT - - GT - GC GA
PCB 7 - - - - - - - - - - - - - - -
PCB 9 - - - - - - - - - - - - - - -
PCB 10 - - - - - - - - - - - - - GC GA
PCB 11 - - - - - - - - GT - - - - - -
PCB 13 - - - - - - - - - - - - - GC GA
PCB 14 - - - - - - - - T - - - - GC GA
PCB 16 - - - - - - - - - - - - - GC GA
PCB 17 GA - - - - - - - GT - - GT - GC GA
PCB 18 - - - - - - - - - - - - - GC GA
PCB 19 - - - - - - - - - - - - - GC GA
P-value 0.14861 0.00034 0.00007 0.47826 0.22283 0.00197 0.48188 1.00000 0.00046 0.48188 0.22283 1.00000 0.21429 0.64041 0.64041
Mutation Position
Site Sample 1648 (T) 1652 (G) 1655 (G) 1667 (T) 1668 (A) 1669 (G) 1710 (T) 1712 (A) 1731 (G) 1750 (G) 1752 (T) 1756 (T) 1760 (A)
HI 2 - - - - - - - - - A - - -
HI 3 - - - - - - - AG - A - - -
HI 8 - - - - - - - AG - A - - -
HI 10 TC - - - - - - AG - A - - -
HI 12 - - - - - - - - - A - - -
HI 16 - - - - - - - - - A - - -
HI 17 - GC - - AC - - - - A - - -
HI 18 - - - - - - - - - A TC - -
HI 19 - - - - - - - - - A - - -
HI 20 - - - TC - - C - - A - C -
HI 21 - - - - - - - - - GA - - -
HI 22 - - - - - - - G - A - - -
HI 25 - - - - - - - - - A - - -
PCB 6 - - - - - - - - - - - - -
PCB 7 - - GA - - A - - A - - - -
PCB 9 - - - - - - - - - GA - - -
PCB 10 - - - - - - - - - - - - -
PCB 11 - - - - - - - - - - - - -
PCB 13 - - - - - - - - - - - - -
PCB 14 - - - - - - - - - - - - -
PCB 16 - - - - - - - AG - GA - - AG
PCB 17 - - - - - - - - - - - - -
PCB 18 - - - - - - - - - - - - -
PCB 19 - - - - - - - - - - - - -
P-value 1.00000 1.00000 0.45830 1.00000 1.00000 0.45830 1.00000 0.32710 0.45830 0.00004 1.00000 1.00000 0.45830
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Table 3. Sequences upstream of inhibitor of nuclear factor kappa beta, mannose-binding 
lectin, and activator protein 1, mined from A. millepora draft genome 
(www.coralbase.org). Assembly node indicates the assembly contig of origin. Annealing 
sites of primers are indicated with bold type. The first 100 base pairs of coding sequence 
are designated with bold type, with the sense strand shown. 
 
inhibitor of nuclear factor kappa beta (IκB) upstream region (from NODE_187788) 
GAAAGTGGCGTATTGAACTGGTTATTTCCAACACTTTCGAAGAAAAGGCAGAGAACAGATGATCAAAGATTGCATCGAAACTGGTCTAGTTTCTTTGTCAGTGATGGCGGAATT
AAACGTGCACGAGGTACACACGCTCACATCAGCCCCATGCAATGTGGTTATCATCTTACGTCTGCGCATAACTGTTGGGATAAATACCATGTTTGGGCCGTGCAGCTCGAGTT
GACCGCGACCTTGACACAAGCTTTAGTGGGACTTTCCCGGACTAAGCTCAGTCGAGCAAAAAGTATGCTCTCAATTCGTCCAATATGCCACATGCCCTTCATAACTTTCGATCA
CTCATAAGGCGCTCAAGCGTAGATCTTGGAAAAATCAGTAGTAAACAAAAGCTTTGTTGGGGCGCCATATTTGAACTTGATGCTGTAGCTTACAAGCTCGACCTTCCTTGGAGC
CGAAGGAAAGGAGAGGAAGGAAAATAAATTCAGACCGACTCATTGACTTTTTTCGATATTCATAGAAGACGCGTCCAGGATTGCAAGCATCGAGCTATTTATTAGATGCATCTT
GAAAATACTGACTACAAATGATAATGAAGTAGTTCCTCCCTTCAATTTTGGACAAAACTCGCCAGAAAACGTGAGGCACCAATTTAAAATAAAAACTAATGACTTTGTCTACGGG
ATATATGGATTTATCCTTGCTTTACGCCTCCCCCTTCTCCAATGTTGCTTTGTGACGGCCCAACCAACATGGATATAAGGGAAGGGGAATAATACAGTTTCACTGTGACTTCTAG
TGAAAGAAAGTGAGAGTCTTTTTCTCAATAATTTTTTCCAAGATTTAACCCCACTCCTCAAGTTGACAAAGACAGCGACCTGGCCAATCCTAAAAAAAATAACAAATGCTAACTC
TAATCATAATTCGGTAGACTTGTTTGTGATGCTTATCAAAATAAATCTTGCGCAATCCTGGGCGTCTGTTCAAAACTGAAAGAAAATGAGGAGCCCAACTTGACATAGCTTTTGA
TTATTTCCCCGCTGAAAGCGAATGTAATCAAAGTTTAAAAAGTTTATTTAAAAAAATAAGGACCTGGGTATCTGCCAGTTAAGGCTCCTGCGTATGTCCCGAAAAATTGAAACCT
AAAGTGCGTGCTCAATACTTTCTTGATAACAATTTCTGTTTCTTAGCGTCCCCAGTCTGCTTTCTACAGCATGAAAGCCAATTAATCAATTATCGCACATTTTGTCTCCGATATAT
TTGCCATGAATGGTAAAAGCATATCAATGATATTGTATTGGAGTCCTAGTCCTTAATCATGCTACGCACAAGGAGAGACTTAAGAGACGCTCAATATGCTATTTATTTTATTTTTT
TCAAGAGCTGCGAAATTTGGACACAAGAGGTTGTCCAAGTTTATTCTGCTGATATTACGACCTCTAATGCATCCGATCATGTGAGATGTTTGATATATTTTTGATAAAAGCGGCA
AGAAAATGAAAACAATCTTCGCCTGAGACAATGGTAACGAAACAAGTACGCTTTTCCCAATTGTTGGCTGCAGCCAATCACTACAGAGGAGGAGGCCGCGATAATGGAAGTAT
AAATAAATGGCCCTATTAGGCCCTTGTCACGTGGCAACCAAAGTGCGGTTGTTGATGATGAGCTCATTCAGACGTGTGACCTTACTTGACCGAGCTTTAACCTGCTGAGAACA
ACATGAATGAGCCTCGACAGGCTAGTTCCGGATGGGTTGACTTTCCCCACTGATTAGTTTCGCATTTTTTGTCTATCAGCAATATTTTTATGTTAATCAGGGGCAAAACAAACAG
GTTTGAAAACAGTGTCATCTTTGTATTTGGGTGTTTGGTTTAGGGTTATCTTTGATACGTTAAGGTGGGGAAAAAAGTGGGACAATGAGATCATCGAGAGGAGAATATTTCAAG
ATTTTAACAAAGTATGGTGGTCCCTTCTGAGTAAAAGCCTTGTTTTCAGTAAAAGTTTCACTAAAAAGAATATTCTTCTGGAGTTTCTAGTCTGTTCTTTTTCAACATCAGATTTAA
CTCACGGCGCTTACTTTTTCTGGGAAACTTTGTGCATGTACGCGAGGAAGAAAATAAATTTCAGCATGGATACCTCGAAGATTGATGAGCCGAATGAAAAGCTAATAATGCAAG
AACACGAAGGTTGTCCCTTTATTCGTCTTCATGAAAGAAACGTAAAACGGATGAATAAATAGTGGATTAAATGCTCACAAGGTCAGTTAATAAGACAACTGGTGTTTTTAAAACT
TGTGAAGACAGAGAAAATGAAACTCTCAGACAAAGTTTTCCTTAAATAAAATCTTAAAACAGCGTTTTCAGACTGTTTGGGGAAAATACTGTCAAGCGTGTGAGTTATCACGTCA
ATTCCTGCAAAGAACGTCATATTTGGGGGTGGTATAAAAAAGAAAATTATTTTCCTACTTGCATTTCCCTAAAATTGGACTCTGCTTAGCGATATTTCTCAATTAAAAACAGTTGT
TTTGCCATCTGAATCGAATATCACACAACTGCACTAAGAGATCGAGCATTTAACACGAAAGTCGTATCGAAAGGTTTCACGCCCGGGGAATCCCCTAATTAATAATCTATTGTTT
GCTGTTTATTGGCATTCCGGCACGTTTCACATGTTGCTGGGCTGACCCCAGGGTAACCCCCTAGGTTCTTTCCCTAAGTCCTGCATAAGACATTTTTGCTGATTGGCCAGTCTA
AGTTAATTCTTGTTCTAAAATCACCTCTGATTAGTCTATTCGTATCACGTGTTTAAATAGGGAAAATTCCCTTATGCATCAGAACTAGTTATATACAGCACAACCCGCCATCTTTG
GTCTCCACCATAAGCAATAGGACGGTAACACACAAAAGTTTGGCGTAGATATTTCCCCGCTTACTTTTAATTTATTCCAGTTAAGTTTGAGTTTGATTGGATATCAAGGTAGAAG
AAGTTGTCGGTAAAAGGATGGACTCACCCCAACAGCAACGAAAGCTAGTCCGACGAGGAGCCCCGTCGAAAGGAATTTCACAATACCATCTTTCTGCAGTTATTCAGCAC
GGAGGAA 
mannose-binding lectin (MBL) upstream region (from NODE_2455379) 
GTGCCAGTGGATTTGTGTTCACTGAAGAAACTGGCTTAAATAATAAGGCAGCTTCAGCAATAATACCCGAAAAATTGTGATAGCATTATTTCATCAGCTTAACGCGGGACCATT
GATTCTTTTCTAAAAGGACACTCAAAGTGTAAGAAAGCAGAACGAAATTAAAGAGATAGGGTACAATAAAGAAACTAAATATTGAACCATTGCGACTCTTTTGTTCGTTCATGTT
TTTGCGAGATAAAAGTTCCGCTCCCCAAAGTATCAATAATGTTGACAGATAGAAGTGTGGATTCAACTCTGCAGATGTGCTCATTTTGAACTTCATGCCTTTTCACCTTGGTCAT
TCGATGCTAACAAAATGCTAGCATTGTTTCCTTCAGGCCTAAAGAAACCATAATGGAAGACGTTCAGAGAAGCTATGCAAAACAAATGAAAAGAAAATCAAACGGTTTTTTTTTT
AAATATACCAGTTCCATGAGAATCGCAGGCCAATTGAGTCCATGCAGTGGTCCAAAAATGTTGTCGTTTATCACAGCGGCGACTTGCGCGCATTTTTTACTGACGACTTAACTT
TGGGCGGCTCAAATGGACTGTGTTCAACTGAATCCACTCATGACCAAGATATCCAGTCGAATCAAATAGAAAACTGTTTTCGATAAAAGCTGACGAGCGTTGAAACTCCCAGTC
TCGTTTGGCCCGAGACAAATATGCGCTCTCCGCGACTCTCGTTGATTGTCGAATGCTTTGATTCATCAAAGTTTAATCTGCTCCAATTTTCCAAGGCAGTAGTCCGAAGTTTTCT
TTCTTTTAGCCCGAGTTCTCACTCACGCTTGTCGACTCTGGTGCGAGCTGAAAATGTGTTTCAACCCACCCTAATAACTCTTATAGTCATGGACTTGTGTTTTAGTTTGGCCCTG
GCTCAAGTGACAACTCGCACGTAAACACATAGCGCTTACAACAGTACTCGAAAGCAGATACGCTCATCTTTAATGTTACGTTAGAGTAAAATCAAGGGCAACCGACGTGCAAAT
TCAACTAAAAGCTGTAGAGAGACATTTCAAAGTTCCTTGGAATGTATAAAGACTGTTAAAGAGATGTTTTTATTCGCTAGAAGAATTTGATCTGTTAGGATTTCTTAGCTAAAAAT
TCGTGTCCGAAAATTTTAGGGAATGAAATCTTCCTTTCAGAAATTGCGAGCTAAAATTTACTTCCCACGAAATTCCTAGGCAACGATTTGCTTCAAGAAAATGCTAGCTGACCTT
TTGAGTGCCACAAATACCAAATATCACCCTTTCGAAAACGTTATAGACTATTTGTCCACGGTTTCGAACCTTTTAGGCGGTGCTTCAGTTACCAAGACTATAGGTTTTGGTAAAC
TTAGAATCCGAAAATCTTAGGCGGTTTCACTTGCCCGAACAGATATTTAACCCAAACGTCTTGTTGGTTGCCTTTGTAAAATTTGCAAAGGTTTCTAGGTAGTGAAAGTCTACTG
AGATTTCTACCACCACTCGGTTAGATTACTGGCGATTGAGTTTAATCGCGCGTAGAAATTGCCGGCCCTTAAAAGTGTCGTACTTTAGACCTTGCCTCATTCCGATAATAAAAG
AGAAATTGTTCATCAATTTCATCTGAACGGCAGGCTGACAATAATCTCTTTATTAAGAAAATGACGCCTAGTATTTTCCGAGCAAAAAACAAGATACATTGTTTCCGCCTTTACC
GTGAATCACAAACTTCGGCTTTAGGGGGCTAAAAATAAATGGGTAACAAAACACATGCAAATACGGACGCCACGTTTCTTGTCAAATATATCATTCATTCCTGTTGAAAAAAGG
CTTGAGCTGAATTTTGTCTTTGGACAAGCCAATATCCTCAATTAGGATGCTGAAACATTAGAAAGAGCACAAGTGATCTTTGAGAGCGCAGGGTAAGATTTATGACTTAAAAGG
CGGCGAAAACAATTCTGCCGTACTTCATGACAAGAACACACAGCGTAATGATTTTACCTGAGGAAATACGTCAATGTGAAGCTTTGTTCAGCACGCCACCGATTTCCAAATGAT
CATTATGCAGGCTCATGACATGAACAAAACCACATGTAAATTATTTGTTATCCCACCTGTGTTTTTCGCGCATTGCAATTTACTTTAATAATAATTAGTCGATTACCTGGATAGGT
CCCAGTTAATCATATCACGAAATATTTACAATTATGGATTAAGGAGAGCAAATCGTGCGAGCTGTTTATCATGCTATCGCCCGTATTTTTGTGGGTTTTGATCAACTTAGTTTTAA
CACCGAGCCATTCTCTTAAAGTACCATTAATCTATTAATTGAAGGTTTACATCACGTTCGAGTAAATATTCATGAAGTTTATTTCTTGACATTGCGCTTTCCATGAGTATGACTAT
GTGAACACAGCTGTTTCTATGGACTTTAACTGCACATCAATTAGGCTTCCAATGTGCTATCTCGCCACGTATAACGACCTCAGTATTTTACGAAACTTATCATTCGCACTGAGCA
GGCTGCTAGAGCAGATAACAAGAGAACAAGGTAAACGTGAAGTTTCTTGTGGTGTTTTTTTCTTTTTCTTTTCCTTGTCGATGAATTATCCTTAGGGCCAAAATGAAGAGGGCTA
CCTCTGGGAGGAATGTGCGGCTTCAATGTAACATATTTGGTAATAATAATCCTAAAGCGAGATGAGACAATTTAAACTAAGCAGAAAATGGCAGGAAATTAAGGTCGTTTCATT
TAAAGGCGTAATTCTTCTTATTCAACGGTCATTTAGATCCTTCATGTATACCTTGTCCGTACATCTCGACAATCTCAATGCACAAAAAGCCATTTTAGGCCAAAACCAAAATGTTA
AGTAGGTTTAAAATAACGCAGATAGTAGCCGCCGCGATAAGCTGTTGTCTTGATCCAATTGCAGAACCGACCCTGATCCTTGCAGATAACTGACTTGTCGCCTAGTGGAAAGT
GAAGATTGACATCAGCATGAAGATTCTTGTTCTGGTGCTGCTCCTGGCTTACTTCTCACCTGTTAATGCGAGTAAGAACAACTCTTTTTGGCAATTTCGGGCTTACCTCCCTT
CAA 
activator protein 1 (AP-1) upstream region (from NODE_1789852) 
TAGAAACTCTAACTAATATAAAAAGGGTTTTAACTGTTTCCCGCCAGTGGCAGCCGTGTGCTGCCTGTAATATTTCCCGCGGAAAACTGTGTTGCCAAGTTCAAGGTCACAATT
TTCGCCAAAAAAAGAAAAAAAAAAGGGAAGAGCAATTTAAATTATTGTATTAGAGAAGGTATCTTAAACGAGTGGGGGCAAGGTTTTCCGTACTTCTATCCACTTCAAGTACCAA
AGTGCCCCTCCGGTACTTAGATGATTTGTGTTCATACTGTTGAACGTTACGTGATACCCTGAAGTATTTTCCTCTACAACGCGTGACCAATGCGCGGCGTATTACACGTATTAC
GAAGATGTCTTCTATTGTTTTCAAAAACAATAAAAGAAGAAGTAAAAACAAGGATGTCTTATTCAACCTAAAATAGAGCGATAAAAAACATCACACTTCGTCAATTTTCCATAAAT
CGATCAACAACTCGTGATTGCACTTAATCGGGAAAAACCCATTCAAACATTTGATTATCACCAATCCTTCGACTTCCTAATTTTCCTCACCAGCTCTAATATCACCGAAACAAAG
TTTTACTGTGTAATGGGAACAATCCCAGAAATTCTAGAATTAGTTTCGTTTCAGTTGGTTGCAGACAAGGCGTGTTCTGTTAAGTATCATTTGACAAAACAATTCCGCGTTTCATA
AAAGGGTGTACTTCCGTTTGAAAACAAAGTGCGTGTCGCCTTTTCAACCTGCAAAGAGGGTGTGCCGTCTCGTGACAAACGTACGAGGCACCGTGGATGCAGGTAGCTGGAA
GCACCGAACTTTTCATCCATTGTTAAACAGTCTTATCAATCAGGCTTCCGGTCAAGTTTACGACATGAACCTTCAGCTTACGAATAATTTCACGCAATTTATATTGGATTCTATGA
TCCTATATTTCGCAATTTTTAAGAATTGGTTTTCTGTTGCTTACTGCTTGCTTCATTCTAGAGTCAAAAACTCTTAAAATAAAGCCCTTTGATCCTTGAAAGCAAGTTTCCTTTGTT
CTAAGATTGAGTCGACCACGAAGGTTCGAGGAAAGAATAATAGAACATAAATTCAGGAACACAATATAATTATGGCCACGGCGACGATTGTAATTTGTCGAAATTTCTCTTATAA
TTACAATCACTCCTGTTTTCGGAGAAAAAAAGGGATATGTATTCCAATGTATATTTGTCTGCTTTGCGGGAAATAAAGAAAGTTTATCGATAAACGTTTGCACTTTTATCGCCTTT
TATGGTAAATTTAGAGCTACACCAGGTGACGATTAAAACACAAGACTAGTTAAAATTCAACACACGATTTCAGAACTCATTAAATCACGCATCAAGGTTATTTTTTCTCTTTCAGT
TTTTTGACCTAAGCTCGTCGATGAAATTAATGTCAACTGACAGCCCAATACGTGACTTCGGCAGCTAAATAAGTCGAGAAAGTTGAAGAAATAATTCAAGACCCAATATTTTCAT
GCAAACAAATTCAAATCTCAATCTGTCGAAAATGCAATAATCGTGGTTTTATCCTACTTATAAGACAATCGCAACCGAACGTGACAGTAAAAAATTTCACAACAAATTGTCACTTC
CGGTAACAAACTACAGTTTTATCTTCCAGGAAACTTCGCACCGAATTTCAAATTAAACTATGAAATTTGGGAGATTTTTGTCTCAATTAGAATTTTGCGATTTCTGAGAAAAGTCG
ACTACTTCCAAGCCAAACAGATAATAAACTAAACTTCCACGTTCGTTTTCTCGGTATAAATTTCTGCCCTGAAGAAAGGAGGCTTTCCGGTAAATAAAAAAAAACTTTGTGAATC
ATAAAATAAAAAGACTCAATTCTACTTGTATCAAACGTTCCAGAGCTTTCGATTGAGTTCTAGTTCTTGAAGCAATTCAAATCAACGGAAAATTCGCGCTTTACTGTCACTTAGGA
ATTATGCCTTTTGTTTTCGGCATGTTTTCCGGTTGACGTCACGTTTCTAAGCCTTCTGTCAAGAACAACCAATCATCAGAAGCATTAGAACAAAGTTCAAAGATATGACCAATCA
GAGTTTAGATGACATATTTTTGCCAAAAATAGTAACTGACTCAAACTTTATTTGAATTCGATTTCGACGGAAATAAAAGTTGCGTTTTGCTGTAATCACGAGCGGTGTAAAACGTT
TGAGTCAGCTGATTTTTGTTCAATTTCAAACAAAGTTATTTTGTGAATGGAAGCATCATTGTACGACGAAGAAATTATGCCGACAACATCAAATTCACAAAACTCATCTTACG
ACAAAGGCAATTTGAAGCTTGATTTTACATCAA 
!
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Table 4. Bisulfite sequencing results from IκB upstream region. Successful conversion of 
non-CpG cytosines is indicated by “S.” Unmethylated cytosines within CpG sites are 
noted with “U.” Methylated cytosines within CpG islands would be indicated with “M” 
(none are present). (Table continues on following page.) 
Sample
Position Reference Converted HI2 HI3 HI8 HI10 HI12 HI16 HI17 HI18 HI19 HI20 HI21 HI22 HI25 PCB6 PCB7 PCB9 PCB10 PCB11 PCB13 PCB14 PCB16 PCB17 PCB18 PCB19
1588 C t
1589 G g
1590 C t
1591 G g
1592 A a
1593 T t - -
1594 A a - -
1595 A a - -
1596 T t - - -
1597 G g - - - -
1598 G g - - - - -
1599 A a - - - - -
1600 A a - - - - -
1601 G g - - - - - - - - - - - - - - - - - -
1602 T t - - - - - - - - - - - - - - - - - -
1603 A a - - - - - - - - - - - - - - - - - - - -
1604 T t - - - - - - - - - - - - - - - - - - - - - - -
1605 A a - - - - - - - - - - - - - - - - - - - - - - -
1606 A a - - - - - - - - - - - - - - - - - - - - - - -
1607 A a - - - - - - - - - - - - - - - - - - - - - - -
1608 T t - - - - - - - - - - - - - - - - - - - - - - -
1609 A a - - - - - - - - - - - - - - - - - - - - - - -
1610 A a - - - - - - - - - - - - - - - - - - - - - - -
1611 A a - - - - - - - - - - - - - - - - - - - - - - -
1612 T t - - - - - - - - - - - - - - - - - - - - - - -
1613 G g - - - - - - - - - - - - - - - - - - - - - - -
1614 G g - - - - - - - - - - - - - - - - - - - - - - -
1615 C t S S S S S S S S S S S S S S S S S S S S S S S
1616 C t S S S S S S S S S S S S S S S S S S S S S S S
1617 C t S S S S S S S S S S S S S S S S S S S S S S S
1618 T t - - - - - - - - - - - - - - - - - - - - - - -
1619 A a - - - - - - - - - - - - - - - - - - - - - - -
1620 T t - - - - - - - - - - - - - - - - - - - - - - -
1621 T t - - - - - - - - - - - - - - - - - - - - - - -
1622 A a - - - - - - - - - - - - - - - - - - - - - - -
1623 G g - - - - - - - - - - - - - - - - - - - - - - -
1624 G g - - - - - - - - - - - - - - - - - - - - - - -
1625 C t S S S S S S S S S S S S S S S S S S S S S S S
1626 C t S S S S S S S S S S S S S S S S S S S S S S S
1627 C t S S S S S S S S S S S S S S S S S S S S S S S
1628 T t - - - - - - - - - - - - - - - - - - - - - - -
1629 T t - - - - - - - - - - - - - - - - - - - - - - -
1630 G g - - - - - - - - - - - - - - - - - - - - - - -
1631 T t - - - - - - - - - - - - - - - - - - - - - - -
1632 C t S S S S S S S S S S S S S S S S S S S S S S S
1633 A a - - - - - - - - - - - - - - - - - - - - - - -
1634 C t U U U U U U U U U U U U U U U U U U U U U U U
1635 G g - - - - - - - - - - - - - - - - - - - - - - -
1636 T t - - - - - - - - - - - - - - - - - - - - - - -
1637 G g - - - - - - - - - - - - - - - - - - - - - - -
1638 G g - - - - - - - - - - - - - - - - - - - - - - -
1639 C t S S S S S S S S S S S S S S S S S S S S S S S
1640 A a - - - - - - - - - - - - - - - - - - - - - - -
1641 A a - - - - - - - - - - - - - - - - - - - - - - -
1642 C t S S S S S S S S S S S S S S S S S S S S S S S
1643 C t S S S S S S S S S S S S S S S S S S S S S S S
1644 A a - - - - - - - - - - - - - - - - - - - - - - -
1645 A a - - - - - - - - - - - - - - - - - - - - - - -
1646 A a - - - - - - - - - - - - - - - - - - - - - - -
1647 G g - - - - - - - - - - - - - - - - - - - - - - -
1648 T t - - - - - - - - - - - - - - - - - - - - - - -
1649 G g - - - - - - - - - - - - - - - - - - - - - - -
1650 C t U U U U U U U U U U U U U U U U U U U U U U U
1651 G g - - - - - - - - - - - - - - - - - - - - - - -
1652 G g - - - - - - - - - - - - - - - - - - - - - - -
1653 T t - - - - - - - - - - - - - - - - - - - - - - -
1654 T t - - - C - - - - - - - - - - - - - - - - - - - -
1655 G g - - - - - - - - - - - - - - - - - - - - - - - -
1656 T t - - - - - - - - - - - - - - - - - - - - - - - -
1657 T t - - - - - - - - - - - - - - - - - - - - - - - -
1658 G g - - - - - - C - - - - - - - - - - - - - - - - -
1659 A a - - - - - - - - - - - - - - - - - - - - - - - -
1660 T t - - - - - - - - - - - - - - - - - - - - - - - -
1661 G g - - - - - - - - - - - - - - A - - - - - - - - -
1662 A a - - - - - - - - - - - - - - - - - - - - - - - -
1663 T t - - - - - - - - - - - - - - - - - - - - - - - -
1664 G g - - - - - - - - - - - - - - - - - - - - - - - -
1665 A a - - - - - - - - - - - - - - - - - - - - - - - -
1666 G g - - - - - - - - - - - - - - - - - - - - - - - -
1667 C t S S S S S S S S S S S S S S S S S S S S S S S S
1668 T t - - - - - - - - - - - - - - - - - - - - - - - -
1669 C t S S S S S S S S S S S S S S S S S S S S S S S S
1670 A a - - - - - - - - - - - - - - - - - - - - - - - -
1671 T t - - - - - - - - - - - - - - - - - - - - - - - -
1672 T t - - - - - - - - - - - - - - - - - - - - - - - -
1673 C t S S S S S S S S S I S S S S S S S S S S S S S S
1674 A a - - - - - - C - - - - - - - - - - - - - - - - -
1675 G g - - - - - - - - - - - - - - A - - - - - - - - -
1676 A a - - - - - - - - - - - - - - - - - - - - - - - -
1677 C t U U U U U U U U U U U U U U U U U U U U U U U U
1678 G g - - - - - - - - - - - - - - - - - - - - - - - -
1679 T t - - - - - - - - - - - - - - - - - - - - - - - -
1680 G g - - - - - - - - - - - - - - - - - - - - - - - -
1681 T t - - - - - - - - - - - - - - - - - - - - - - - -
1682 G g - - - - - - - - - - - - - - - - - - - - - - - -
1683 A a - - - - - - - - - - - - - - - - - - - - - - - -
1684 C t S S S S S S S S S S S S S S S S S S S S S S S S
1685 C t S S S S S S S S S S S S S S S S S S S S S S S S
1686 T t - - - - - - - - - - - - - - - - - - - - - - - -
1687 T t - - - - - - - - - - - - - - - - - - - - - - - -
1688 A a - - - - - - - - - - - - - - - - - - - - - - - -
1689 C t S S S S S S S S S S S S S S S S S S S S S S S S
1690 T t - - - - - - - - - - - - - - - - - - - - - - - -
1691 T t - - - - - - - - - - - - - - - - - - - - - - - -
1692 G g - - - - - - - - - - - - - - - - - - - - - - - -
1693 A a - - - - - - - - - - - - - - - - - - - - - - - -
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Table 4. Bisulfite sequencing results from IκB upstream region (continued from previous 
page). 
Sample
Position Reference Converted HI2 HI3 HI8 HI10 HI12 HI16 HI17 HI18 HI19 HI20 HI21 HI22 HI25 PCB6 PCB7 PCB9 PCB10 PCB11 PCB13 PCB14 PCB16 PCB17 PCB18 PCB19
1588 C t
1589 G g
1590 C t
1591 G g
1592 A a
1593 T t - -
1594 A a - -
1595 A a - -
1596 T t - - -
1597 G g - - - -
1598 G g - - - - -
1599 A a - - - - -
1600 A a - - - - -
1601 G g - - - - - - - - - - - - - - - - - -
1602 T t - - - - - - - - - - - - - - - - - -
1603 A a - - - - - - - - - - - - - - - - - - - -
1604 T t - - - - - - - - - - - - - - - - - - - - - - -
1605 A a - - - - - - - - - - - - - - - - - - - - - - -
1606 A a - - - - - - - - - - - - - - - - - - - - - - -
1607 A a - - - - - - - - - - - - - - - - - - - - - - -
1608 T t - - - - - - - - - - - - - - - - - - - - - - -
1609 A a - - - - - - - - - - - - - - - - - - - - - - -
1610 A a - - - - - - - - - - - - - - - - - - - - - - -
1611 A a - - - - - - - - - - - - - - - - - - - - - - -
1612 T t - - - - - - - - - - - - - - - - - - - - - - -
1613 G g - - - - - - - - - - - - - - - - - - - - - - -
1614 G g - - - - - - - - - - - - - - - - - - - - - - -
1615 C t S S S S S S S S S S S S S S S S S S S S S S S
1616 C t S S S S S S S S S S S S S S S S S S S S S S S
1617 C t S S S S S S S S S S S S S S S S S S S S S S S
1618 T t - - - - - - - - - - - - - - - - - - - - - - -
1619 A a - - - - - - - - - - - - - - - - - - - - - - -
1620 T t - - - - - - - - - - - - - - - - - - - - - - -
1621 T t - - - - - - - - - - - - - - - - - - - - - - -
1622 A a - - - - - - - - - - - - - - - - - - - - - - -
1623 G g - - - - - - - - - - - - - - - - - - - - - - -
1624 G g - - - - - - - - - - - - - - - - - - - - - - -
1625 C t S S S S S S S S S S S S S S S S S S S S S S S
1626 C t S S S S S S S S S S S S S S S S S S S S S S S
1627 C t S S S S S S S S S S S S S S S S S S S S S S S
1628 T t - - - - - - - - - - - - - - - - - - - - - - -
1629 T t - - - - - - - - - - - - - - - - - - - - - - -
1630 G g - - - - - - - - - - - - - - - - - - - - - - -
1631 T t - - - - - - - - - - - - - - - - - - - - - - -
1632 C t S S S S S S S S S S S S S S S S S S S S S S S
1633 A a - - - - - - - - - - - - - - - - - - - - - - -
1634 C t U U U U U U U U U U U U U U U U U U U U U U U
1635 G g - - - - - - - - - - - - - - - - - - - - - - -
1636 T t - - - - - - - - - - - - - - - - - - - - - - -
1637 G g - - - - - - - - - - - - - - - - - - - - - - -
1638 G g - - - - - - - - - - - - - - - - - - - - - - -
1639 C t S S S S S S S S S S S S S S S S S S S S S S S
1640 A a - - - - - - - - - - - - - - - - - - - - - - -
1641 A a - - - - - - - - - - - - - - - - - - - - - - -
1642 C t S S S S S S S S S S S S S S S S S S S S S S S
1643 C t S S S S S S S S S S S S S S S S S S S S S S S
1644 A a - - - - - - - - - - - - - - - - - - - - - - -
1645 A a - - - - - - - - - - - - - - - - - - - - - - -
1646 A a - - - - - - - - - - - - - - - - - - - - - - -
1647 G g - - - - - - - - - - - - - - - - - - - - - - -
1648 T t - - - - - - - - - - - - - - - - - - - - - - -
1649 G g - - - - - - - - - - - - - - - - - - - - - - -
1650 C t U U U U U U U U U U U U U U U U U U U U U U U
1651 G g - - - - - - - - - - - - - - - - - - - - - - -
1652 G g - - - - - - - - - - - - - - - - - - - - - - -
1653 T t - - - - - - - - - - - - - - - - - - - - - - -
1654 T t - - - C - - - - - - - - - - - - - - - - - - - -
1655 G g - - - - - - - - - - - - - - - - - - - - - - - -
1656 T t - - - - - - - - - - - - - - - - - - - - - - - -
1657 T t - - - - - - - - - - - - - - - - - - - - - - - -
1658 G g - - - - - - C - - - - - - - - - - - - - - - - -
1659 A a - - - - - - - - - - - - - - - - - - - - - - - -
1660 T t - - - - - - - - - - - - - - - - - - - - - - - -
1661 G g - - - - - - - - - - - - - - A - - - - - - - - -
1662 A a - - - - - - - - - - - - - - - - - - - - - - - -
1663 T t - - - - - - - - - - - - - - - - - - - - - - - -
1664 G g - - - - - - - - - - - - - - - - - - - - - - - -
1665 A a - - - - - - - - - - - - - - - - - - - - - - - -
1666 G g - - - - - - - - - - - - - - - - - - - - - - - -
1667 C t S S S S S S S S S S S S S S S S S S S S S S S S
1668 T t - - - - - - - - - - - - - - - - - - - - - - - -
1669 C t S S S S S S S S S S S S S S S S S S S S S S S S
1670 A a - - - - - - - - - - - - - - - - - - - - - - - -
1671 T t - - - - - - - - - - - - - - - - - - - - - - - -
1672 T t - - - - - - - - - - - - - - - - - - - - - - - -
1673 C t S S S S S S S S S I S S S S S S S S S S S S S S
1674 A a - - - - - - C - - - - - - - - - - - - - - - - -
1675 G g - - - - - - - - - - - - - - A - - - - - - - - -
1676 A a - - - - - - - - - - - - - - - - - - - - - - - -
1677 C t U U U U U U U U U U U U U U U U U U U U U U U U
1678 G g - - - - - - - - - - - - - - - - - - - - - - - -
1679 T t - - - - - - - - - - - - - - - - - - - - - - - -
1680 G g - - - - - - - - - - - - - - - - - - - - - - - -
1681 T t - - - - - - - - - - - - - - - - - - - - - - - -
1682 G g - - - - - - - - - - - - - - - - - - - - - - - -
1683 A a - - - - - - - - - - - - - - - - - - - - - - - -
1684 C t S S S S S S S S S S S S S S S S S S S S S S S S
1685 C t S S S S S S S S S S S S S S S S S S S S S S S S
1686 T t - - - - - - - - - - - - - - - - - - - - - - - -
1687 T t - - - - - - - - - - - - - - - - - - - - - - - -
1688 A a - - - - - - - - - - - - - - - - - - - - - - - -
1689 C t S S S S S S S S S S S S S S S S S S S S S S S S
1690 T t - - - - - - - - - - - - - - - - - - - - - - - -
1691 T t - - - - - - - - - - - - - - - - - - - - - - - -
1692 G g - - - - - - - - - - - - - - - - - - - - - - - -
1693 A a - - - - - - - - - - - - - - - - - - - - - - - -
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Table 5. Bisulfite sequencing results from MBL upstream region. Successful conversion 
of non-CpG cytosines is indicated by “S.” Unmethylated cytosines within CpG sites are 
noted with “U.” Methylated cytosines within CpG islands would be indicated with “M” 
(none are present). (Table continues on following page.) 
Sample
Position Reference Converted HI2 HI3 HI8 HI10 HI12 HI16 HI17 HI18 HI19 HI20 HI21 HI22 HI25 PCB6 PCB7 PCB9 PCB10 PCB11 PCB13 PCB14 PCB16 PCB17 PCB18 PCB19
1902 G g
1903 C t
1904 A a
1905 C t
1906 A a
1907 A a -
1908 G g - - -
1909 T t - - - -
1910 G g - - - -
1911 A a - - - - - -
1912 T t - - - - - - - -
1913 C t S S S S S S S S S S S S S S S
1914 T t - - - - - - - - - - - - - - -
1915 T t - - - - - - - - - - - - - - - - -
1916 T t - - - - - - - - - - - - - - - - -
1917 G g - - - - - - - - - - - - - - - - -
1918 A a - - - - - - - - - - - - - - - - -
1919 G g - - - - - - - - - - - - - - - - -
1920 A a - - - - - - - - - - - - - - - - -
1921 G g - - - - - - - - - - - - - - - - -
1922 C t U U U U U U U U U U U U U U U U U
1923 G g - - - - - - - - - - - - - - - - - -
1924 C t S S S S S S S S S S S S S S S S S S
1925 A a - - - - - - - - - - - - - - - - - -
1926 G g - - - - - - - - - - - - - - - - - -
1927 G g - - - - - - - - - - - - - - - - - -
1928 G g - - - - - - - - - - - - - - - - - -
1929 T t - - - - - - - - - - - - - - - - - -
1930 A a - - - - - - - - - - - - - - - - - - - - -
1931 A a - - - - - - - - - - - - - - - - - - - - -
1932 G g A A - - - A - - A - - - - - - - - - A - -
1933 A a - - - - - - - - - - - - - - - - - - - - -
1934 T t - - - - - - - - - - - - - - - - - - - - - -
1935 T t - - - - - - - - - - - - - - - - - - - - - -
1936 T t - - - - - - - - - - - - - - - - - - - - - - -
1937 A a - - - - - - - - - - - - - - - - - - - - - - -
1938 T t - - - - - - - - - - - - - - - - - - - - - - -
1939 G g - - - - - - - - - - - - - - - - - - - - - - -
1940 A a - - - - - - - - - - - - - - - - - - - - - - -
1941 C t S S S S S S S S S S S S S S S S S S S S S S S
1942 T t - - - - - - - - - - - - - - - - - - - - - - -
1943 T t - - - - - - - - - - - - - - - - - - - - - - -
1944 A a - - - - - - - - - - - - - - - - - - - - - - -
1945 A a - - - - - - - - - - - - - - - - - - - - - - -
1946 A a - - - - - - - - - - - - - - - - - - - - - - -
1947 A a - - - - - - - - - - - - - - - - - - - - - - -
1948 G g A A A A A - A - - A A A - - - - - - - - - - -
1949 G g - - - - - - - - - - - - - - - - - - - - - - -
1950 C t U U U U U U U U U U U U U U U U U U U U U U U
1951 G g - - - - - - - - - - - - - - - - - - - - - - -
1952 G g - - - - - - - - - - - - - - - - - - - - - - -
1953 C t U U U U U U U U U U U U U U U U U U U U U U U
1954 G g A A A A A A A - - A A A - - - - - - - - - - -
1955 A a - - - - - G - - G - - - - - - - - - - - - - -
1956 A a - - - - - - - - - - - - - - - - - - - - - - -
1957 A a - - - - - - - - - - - - - - - - - - - - - - -
1958 A a - - - - - - - - - - - - - - - - - - - - - - -
1959 C t S S S S S S S S S S S S S S S S S S S S S S S
1960 A a - - - - - - - - - - - - - - - - - - - - - - -
1961 A a - - - - - - - - - - - - - - - - - - - - - - -
1962 T t - - - - - - - - - - - - - - - - - - - - - - -
1963 T t - - - - - - - - - - - - - - - - - - - - - - -
1964 C t S S S S S S S S S S S S S S S S S S S S S S S
1965 T t - - - - - - - - - - - - - - - - - - - - - - -
1966 G g - - - - - - - - - - - - - - - - - - - - - - -
1967 C t S S S S S S S S S S S S S S S S S S S S S S S
1968 C t U U U U U U U U U U U U U U U U U U U U U U U U
1969 G g - - - - - - - - - - - - - - - - - - - - - - - -
1970 T t - - - - - - - - - - - - - - - - - - - - - - - -
1971 A a - - - - - - - - - - - - - - - - - - - - - - - -
1972 C t S S S S S S S S S S S S S S S S S S S S S S S S
1973 T t - - - - - - - - - - - - - - - - - - - - - - - -
1974 T t - - - - - - - - - - - - - - - - - - - - - - - -
1975 C t S S S S S S S S S S S S S S S S S S S S S S S S
1976 A a G G - - - - - - - - - G - - - - - - - - - - - -
1977 T t - - - - - - - - - - - - - - - - - - - - - - - -
1978 G g - - - - - - - - - - - - - - - - - - - - - - - -
1979 A a G - G G - - - - - - G - G - - - - - - - - - - -
1980 C t S S S S S S S S S S S S S S S S S S S S S S S S
1981 A a - - - - - - - - - - - - - - - - - - - - - - - -
1982 A a - - - - - - - - - - - - - - - - - - - - - - - -
1983 G g - - - - - - - - - - - - - - - - - - - - - - - -
1984 A a - - - - - - - - - - - - - - - - - - - - - - - -
1985 A a G - - - - - - - - - - G - - - - - - - - - - - -
1986 C t S S S S S S S S S S S S S S S S S S S S S S S S
1987 A a - - - - - - - - - - - - - - - - - - - - - - - -
1988 C t S S S S S S S S S I S S S S S S S S S S S S S S
1989 A a - - - - - - - - - - - - - - - - - - - - - - - -
1990 C t S S S S S S S S S S S S S S S S S S S S S S S S
1991 A a - - - - - - - - - - - - - - - - - - - - - - - -
1992 G g - - - - - - - - - - - - - - - - - - - - - - - -
1993 C t U U U U U U U U U U U U U U U U U U U U U U U U
1994 G g T T T T T T T T T T T T T T - - - T - T - T - -
1995 T t - - - - - - - - - - - - - - - - - - - - - - - -
1996 A a - - - - - - - - - - - - - - - - - - - - - - - -
1997 A a - - - - - - - - - - - - - - - - - - - - - - - -
1998 T t - - - - - - - - - - - - - - - - - - - - - - - -
1999 G g - - - - - - - - - - - - - - - - - - - - - - - -
2000 A a - - - - - - - - - - - - - - - - - - - - - - - -
2001 T t - - - - - - - - - - - - - - - - - - - - - - - -
2002 T t - - - - - - - - - - - - - - - - - - - - - - - -
2003 T t - - - - - - - - - - - - - - - - - - - - - - - -
2004 T t - - - - - - - - - - - - - - - - - - - - - - - -
2005 A a - - - - - - - - - - - - - - - - - - - - - - - -
2006 C t S S S S S S S S S S S S S S S S S S S S S S S S
2007 C t S S S S S S S S S S S S S S S S S S S S S S S S
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Table 5. Bisulfite sequencing results from MBL upstream region (continued from 
previous page).
Sample
Position Reference Converted HI2 HI3 HI8 HI10 HI12 HI16 HI17 HI18 HI19 HI20 HI21 HI22 HI25 PCB6 PCB7 PCB9 PCB10 PCB11 PCB13 PCB14 PCB16 PCB17 PCB18 PCB19
2008 T t - - - - - - - - - - G - G - - - - - - - - - - -
2009 G g - - - - - - - - - - - - - - - - - - - - - - - -
2010 A a - - - - - - - - - - - - - - - - - - - - - - - -
2011 G g T T - - - - - - - - - T - - - - - - - - - - - -
2012 G g - - - - - - - - - - - - - - - - - - - - - - - -
2013 A a - - - - - - - - - - - - - - - - - - - - - - - -
2014 A a - - - - - - - - - - - - - - - - - - - - - - - -
2015 A a - - - - - - - - - - - - - - - - - - - - - - - -
2016 T t - - - - - - - - - - - - - - - - - - - - - - - -
2017 A a - - - - - - - - - - - - - - - - - - - - - - - -
2018 C t U U U U U U U U U U U U U U U U U U U U U U U U
2019 G g - - - - - - - - - - - - - - - - - - - - - - - -
2020 T t - - - - - - - - - - - - - - - - - - - - - - -
2021 C t S S S S S S S S S S S S S S S S S S S S S S S
2022 A a - - - - - - - - - - - - - - - - - - - - - - -
2023 A a - - - - - - - - - - - - - - - - - - - - - - -
2024 T t - - - - - - - - - - - - - - - - - - - - - - -
2025 G g - - - - - - - - - - - - - - - - - - - - - -
2026 T t - - - - - - - - - - - - - - - - - - - - - -
2027 G g - - - - T T - - - T - T - - - - - - - T - -
2028 A a - - - - - - - - - - - - - - - - - - - - - -
2029 A a - - - - - - - - - - - - - - - - - - - - - -
2030 G g - - - - - - - - - - - - - - - - - - - - - -
2031 C t S S S S S S S S S S S S S S S S S S S S S S
2032 T t - - - - - - - - - - - - - - - - - - - - - -
2033 T t - - - - - - - - - - - - - - - - - - - - - -
2034 T t - - - - - - - - - - - - - - - - - - - - - -
2035 G g - - - - - - - - - - - - - - - - - - - - - -
2036 T t - - - - - - - - - - - - - - - - - - - - - -
2037 T t - - - - - - - - - - - - - - - - - - - - - -
2038 C t S S S S S S S S S S S S S S S S S S S S S S
2039 A a - - - - - - - - - - - - - - - - - - - - - -
2040 G g - - - - A A - - - A - - - - - - - - - - - -
2041 C t S S S S S S S S S S S S S S S S S S S S S S
2042 A a - - - - - - - - - - - - - - - - - - - - - -
2043 C t U U U U U U U U U U U U U U U U U U U U U U
2044 G g - - - - - - - - - - - - - - - - - - - - - -
2045 C t S S S S S S S S S S S S S S S S S S S S S S
2046 C t S S S S S S S S S S S S S S S S S S S S S S
2047 A a - - - - - - - - - - - - - - - - - - - - - -
2048 C t S S S S S S S S S S S S S
2049 C t U U G U U G U U U U U
2050 G g - - A - - - - -
2051 A a - - - - - -
2052 T t - - - - - -
2053 T t - - - - - -
2054 T t - - - - - -
2055 C t S S S S S
2056 C t
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Table 6. Bisulfite sequencing results from AP-1  upstream region. Successful conversion 
of non-CpG cytosines is indicated by “S.” Unmethylated cytosines within CpG sites are 
noted with “U.” Methylated cytosines within CpG islands would be indicated with “M” 
(none are present). 
Sample
Position Reference Converted HI2 HI3 HI8 HI10 HI12 HI16 HI17 HI18 HI19 HI20 HI21 HI22 HI25 PCB6 PCB7 PCB9 PCB10 PCB11 PCB13 PCB14 PCB16 PCB17 PCB18 PCB19
2079 T t - - - -
2080 T t - - - - -
2081 T t - - - - -
2082 A a - - - - -
2083 G g - - - - -
2084 A a - - - - - - - -
2085 T t - - - - - - - -
2086 G g - - - - - - - -
2087 A a - - - - - - - - -
2088 C t S S S S S S S S S S S
2089 A a - - - - - - - - - - - - - - - - - -
2090 T t - - - - - - - - - - - - - - - - - - -
2091 A a - - - - - - - - - - - - - - - - - - - - - -
2092 T t - - - - - - - - - - - - - - - - - - - - - - - -
2093 T t - - - - - - - - - - - - - - - - - - - - - - - -
2094 T t - - - - - - - - - - - - - - - - - - - - - - - -
2095 T t - - - - - - - - - - - - - - - - - - - - - - - -
2096 T t - - - - - - - - - - - - - - - - - - - - - - - -
2097 G g - - - - - - - - - - - - - - - - - - - - - - - -
2098 C t S S S S S S S S S S S S S S S S S S S S S S S S
2099 C t S S S S S S S S S S S S S S S S S S S S S S S S
2100 A a - - - - - - - - - - - - - - - - - - - - - - - -
2101 A a - - - - - - - - - - - - - - - - - - - - - - - -
2102 A a - - - - - - - - - - - - - - - - - - - - - - - -
2103 A a - - - - - - - - - - - - - - - - - - - - - - - -
2104 A a - - - - - - - - - - - - - - - - - - - - - - - -
2105 T t - - - - - - - - - - - - - - - - - - - - - - - -
2106 A a - - - - - - - - - - - - - - - - - - - - - - - -
2107 G g - - - - - - - - - - - - - - - - - - - - - - - -
2108 T t - - - - - - - - - - - - - - - - - - - - - - - -
2109 A a - - - - - - - - - - - - - - - - - - - - - - - -
2110 A a - - - - - - - - - - - - - - - - - - - - - - - -
2111 C t S S S S S S S S S S S S S S S S S S S S S S S S
2112 T t - - - - - - - - - - - - - - - - - - - - - - - -
2113 G g - - - - - - - - - - - - - - - - - - - - - - - -
2114 A a - - - - - - - - - - - - - - - - - - - - - - - -
2115 C t S S S S S S S S S S S S S S S S S S S S S S S S
2116 T t - - - - - - - - - - - - - - - - - - - - - - - -
2117 C t S S S S S S S S S S S S S S S S S S S S S S S S
2118 A a - - - - - - - - - - - - - - - - - - - - - - - -
2119 A a - - - - - - - - - - - - - - - - - - - - - - - -
2120 A a - - - - - - G - - - - - - - - - G - - - - - - -
2121 C t S S S S S S S S S S S S S S S S S S S S S S S S
2122 T t - - - - - - - - - - - - - - - - - - - - - - - -
2123 T t - - - - - - - - - - - - - - - - - - - - - - - -
2124 T t - - - - - - - - - - - - - - - - - - - - - - - -
2125 A a - - - - - - - - - - - - - - - - - - - - - - - -
2126 T t - - - - - - - - - - - - - - - - - - - - - - - -
2127 T t - - - - - - - - - - - - - - - - - - - - - - - -
2128 T t - - - - - - - - - - - - - - - - - - - - - - - -
2129 G g - - - - - - - - - - - - - - - - - - - - - - - -
2130 A a - - - - - - - - - - - - - - - - - - - - - - - -
2131 A a - - - - - - - - - - - - - - - - - - - - - - - -
2132 T t - - - - - - - - - - - - - - - - - - - - - - - -
2133 T t - - - - - - - - - - - - - - - - - - - - - - - -
2134 C t U U U U U U U U U U U U U U U U U U U U U U U U
2135 G g - - - - - - - - - - - - - - - - - - - - - - - -
2136 A a - - - - - - - - - - - - - - - - - - - - - - - -
2137 T t - - - - - - - - - - - - - - - - - - - - - - - -
2138 T t - - - - - - - - - - - - - - - - - - - - - - - -
2139 T t - - - - - - - - - - - - - - - - - - - - - - - -
2140 C t U U U U U U U U U U U U U U U U U U U U U U U U
2141 G g - - - - - - - - - - - - - - - - - - - - - - - -
2142 A a - - - - - - - - - - - - - - - - - - - - - - - -
2143 C t U U U U U U U U U U U U U U U U U U U U U U U U
2144 G g - - - - - - - - - - - - - - - - - - - - - - - -
2145 G g - - - - - - - - - - - - - - - - - - - - - - - -
2146 A a - - - - - - - - - - - - - - - - - - - - - - - -
2147 A a - - - - - - - - - - - - - - - - - - - - - - - -
2148 A a - - - - - - - - - - - - - - - - - - - - - - - -
2149 T t - - - - - - - - - - - - - - - - - - - - - - - -
2150 A a - - - - - - - - - - - - - - - - - - - - - - - -
2151 A a - - - - - - - - - - - - - - - - - - - - - - - -
2152 A a - - - - - - - - - - - - - - - - - - - - - - - -
2153 A a - - - - - - - - - - - - - - - - - - - - - - - -
2154 G g - - - - - - - - - - - - - - - - - - - - - - - -
2155 T t - - - - - - - - - - - - - - - - - - - - - - - -
2156 T t - - - - - - - - - - - - - - - - - - - - - - - -
2157 G g - - - - - - - - - - - - - - - - - - - - - - - -
2158 C t U U U U U U U U U U U U U U U U U U U U U U U U
2159 G g - - - - - - - - - - - - - - - - - - - - - - - -
2160 T t - - - - - - - - - - - - - - - - - - - - - - - -
2161 T t - - - - - - - - - - - - - - - - - - - - - - - -
2162 T t - - - - - - - - - - - - - - - - - - - - - - - -
2163 T t - - - - - - - - - - - - - - - - - - - - - - - -
2164 G g - - - - - - - - - - - - - - - - - - - - - - - -
2165 C t S S S S S S S S S S S S S S S S S S S S S S S S
2166 T t - - - - - - - - - - - - - - - - - - - - A - - A
2167 G g - - - - - - - - - - - - - - - - - - - - - - - -
2168 T t - - - - - - - - - - - - - - - - - - - - - - - -
2169 A a - - - - - - - - - - - - - - - - - - - - - - - -
2170 A a - - - - - - - - - - - - - - - - - - - - - - - -
2171 T t - - - - - - - - - - - - - - - - - - - - - - - -
2172 C t S S S S S S S S S S S S S S S S S S S S S S S S
2173 A a - - - - - - - - - - - - - - - - - - - - - - - -
2174 C t U U U U U U U U U U U U U U U U U U U U U U U U
2175 G g - - - - - - - - - - - - - - - - - - - - - - - -
2176 A a - - - - - - - - - - - - - - - - - - - - - - - -
2177 G g - - - - - - - - - - - - - - - - - - - - - - - -
2178 C t U U U U U U U U U U U U U U U U U U U U U U U U
2179 G g - - - - - - - - - - - - - - - - - - - - - - - -
2180 G g - - - - - - - - - - - - - - - - - - - - - - - -
2181 T t - - - - - - - - - - - - - - - - - - - - - - - -
2182 G g - - - - - - - - - - - - - - - - - - - - - - - -
2183 T t - - - - - - - - - - - - - - - - - - - - - - - -
2184 A a - - - - - - - - - - - - - - - - - - - - - - - -
2185 A a - - - - - - - - - - - - - - - - - - - - - - - -
2186 A a - - - - - - - - - - - - - - - - - - - - - - - -
2187 A a - - - - - - - - - - - - - - - - - - - - - - - -
2188 C t U U U U U U U U U U U U U U U U U U U U U U U U
2189 G g - - - - - - - - - - - - - - - - - - - - - - - -
2190 T t - - - - - - - - - - - - - - - - - - - - - - - -
2191 T t - - - - - - - - - - - - - - - - - - - - - - - -
2192 T t - - - - - - - - - - - - - - - - - - - - - - -
2193 G g - - - - - - - - - - - - - - - - - - - - - - -
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Figure 4. Plot of promoter posterior probabilities of inhibitor of nuclear factor kappa beta 
(IκB) upstream region (sequence analyzed shown in Table 3) with Cister [69]. 
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Table 7. Promoter-like elements and positions identified in inhibitor of nuclear factor 
kappa beta (IκB) upstream region using Cister [69]. 
Type Strand Position Sequence
CCAAT + 1560)to)1575 tgcagccaatcactac
Myc + 1630)to)1639 gtcacgtggc
ERE + 1665)to)1678 agctcattcagacg
LSF + 1734)to)1748 acaggctagttccgg
E2F < 1583)to)1594 gaggccgcgata
SRF < 1614)to)1626 gccctattaggcc
Myc < 1630)to)1639 gtcacgtggc
LSF < 1695)to)1709 cgagctttaacctgc
CCAAT < 2734)to)2749 ttgctgattggccagt
SRF < 2859)to)2871 gccatctttggtc
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Table 8. Promoter-like elements and positions identified in MBL upstream region using 
Proscan Version 1.7 [68]. One promoter region is predicted on the forward strand at 
positions 427 to 677, with a second located on the reverse strand at position 2380 to 2130. 
Name Strand Location
junB%US2)))))))))))) + 487
Sp1))))))))))))))))) + 575
myosin%specific))))) % 542
MBF%I))))))))))))))) % 551
CREB)))))))))))))))) % 566
Sp1))))))))))))))))) % 580
CREB)))))))))))))))) % 668
E2F))))))))))))))))) % 2134
AABS_CS2))))))))))))% 2350
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Table 9. Promoter-like elements and positions identified in AP-1 upstream region using 
Proscan Version 1.7 [68]. One promoter region is predicted on the forward strand at 
positions 1784 to 2034, with a second located on the reverse strand at position 3175 to 
1925. 
Name Strand Location
TFIID%%%%%%%%%%%%%%% + 1784
beta/pol_CS%%%%%%%%% + 1993
CREB%%%%%%%%%%%%%%%% + 1994
ATF%%%%%%%%%%%%%%%%% + 1994
CREB%%%%%%%%%%%%%%%% + 1995
E4F1%%%%%%%%%%%%%%%% + 1996
ATF/CREB%%%%%%%%%%%% + 1996
CREB%%%%%%%%%%%%%%%% + 1997
CP1%%%%%%%%%%%%%%%%% + 2027
AP/1%%%%%%%%%%%%%%%% + 2112
INF.1%%%%%%%%%%%%%%% / 1956
CREB%%%%%%%%%%%%%%%% / 1998
ATF/CREB%%%%%%%%%%%% / 1999
CREB%%%%%%%%%%%%%%%% / 2000
CREB%%%%%%%%%%%%%%%% / 2001
ATF%%%%%%%%%%%%%%%%% / 2001
CREB%%%%%%%%%%%%%%%% / 2001
ATF%%%%%%%%%%%%%%%%% / 2001
ATF%%%%%%%%%%%%%%%%% / 2002
beta/pol_CS%%%%%%%%% / 2002
c/fos_US5%%%%%%%%%%% / 2002
EivF%%%%%%%%%%%%%%%% / 2002
c/fos_US5%%%%%%%%%%% / 2002
E4TF1%%%%%%%%%%%%%%% / 2002
EivF%%%%%%%%%%%%%%%% / 2002
EivF/CREB%%%%%%%%%%% / 2002
MLTF%%%%%%%%%%%%%%%% / 2003
CTF%%%%%%%%%%%%%%%%% / 2034
HNF1%%%%%%%%%%%%%%%% / 2042
CTF%%%%%%%%%%%%%%%%% / 2074
Y%%%%%%%%%%%%%%%%%%% / 2076
AP/1%%%%%%%%%%%%%%%% / 2118
PEA1%%%%%%%%%%%%%%%% / 2118
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Figure 5. Plot of promoter posterior probabilities of activator protein 1 (AP-1) upstream 
region (sequence analyzed shown in Table 3) with Cister [69]. 
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Table 10. Promoter-like elements and positions identified in activator protein 1 (AP-1) 
upstream region using Cister [69]. 
Type Strand Position Sequence
CCAAT + 2024(to(2039 aacaaccaatcatcag
CCAAT + 2064(to(2079 tatgaccaatcagagt
CRE 4 1992(to(2003 gttgacgtcacg
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Chapter 5: Conclusions and future investigations 
5.1 Conclusions 
This dissertation was built upon questions of coral acclimatization, resilience, 
and adaptation in a changing climate. The primary aims of this dissertation focused 
on ascertaining the capacity for a reef building coral to acquire thermal tolerance in a 
controlled experimental setting, determining whether changes were a consequence of 
alterations of symbiotic partnerships between the host and the dinoflagellate and 
prokaryotic community, and then identifying the molecular underpinnings of coral 
thermal tolerance, from a host transcriptomic perspective as well as a survey of cis-
regulatory elements. 
Chapter 2 asked whether coral can acclimatize to thermal stress via 
preconditioning, and whether any increases in thermal tolerance as a result of 
prestress were associated with changes in the symbiotic community of the host. By 
experimentally preconditioning A. millepora to sublethal heat stress and subsequently 
challenging with thermal stress in comparison to non-preconditioned corals, Chapter 
2 showed that A. millepora can rapidly acquire thermal tolerance, resisting bleaching. 
Principal findings for Chapter 2 also include that there was no shift or switch in the 
dominant type of Symbiodinium in hospite. Further, acquired thermal tolerance was 
not associated with a change in coral-associated prokaryotes, though the signature of 
a heat-related shift in both thermal tolerant and non-preconditioned corals was 
observed. Taken together, this demonstrates that thermal tolerance can occur entirely 
through acclimatization, through the modulation of physiology of one or more of the 
members of the coral holobiont. 
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The question addressed in Chapter Three follows up on the principal findings 
of Chapter Two; having revealed that thermal preconditioning and the imparted 
bleaching tolerance has a basis in acclimatization, the primary question driving the 
investigation was: What is the host transcriptomic state associated with coral thermal 
tolerance, in comparison to thermal sensitivity? The findings identified a host 
molecular response associated with coral thermal tolerance. Some patterns observed 
include that the differentially expressed genes of preconditioned and non-
preconditioned corals differ largely in magnitude of expression, rather than the 
identity of the differentially expressed genes. That is, generally, the preconditioned 
(heat-tolerant) host appears to display an attenuated transcriptomic response to stress, 
in comparison with changes marked by higher levels of expression in non-
preconditioned (heat-sensitive) corals. Further, the study of the transcriptome 
identified several key genes upregulated in thermal tolerant corals under heat 
challenge. These thermal tolerance genes include a mannose binding lectin, heme-
binding protein, ferritin, transctiption factor AP-1, NF-κB inhibitor, calumenin, and a 
tyrosine kinase receptor. 
Chapter Four investigated regions upstream of three host thermal tolerance 
genes: transctiption factor AP-1, NF-κB inhibitor, and mannose binding lectin, 
exploring both methylation state and DNA polymorphisms. One compelling yet 
uninvestigated hole in the literature is just how corals maintain a long-term memory 
of prior stress events. To examine this, in Chapter Four, the primary question was 
whether CpG islands upstream of three genes associated with thermal tolerance 
exhibited differences in methylation from A. millepora samples collected from a 
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region of historically high heat stress in comparison to samples from a site with lower 
long-term average sea surface temperatures. The study did not identify any 
methylation whatsoever in the targeted survey, but shed light on polymorphic DNA 
sequences in the promoters of all genes surveyed. Two of the genes, inhibitor of 
NFκB and mannose-binding lectin, possessed polymorphisms which differ 
significantly in frequency between the historically warmer and cooler regions. 
Though our study cannot differentiate whether the differences between populations 
are adaptive or simply the effect of drift and isolation, the presence of underlying 
genetic diversity in a putative gene control region is of distinct interest for reasons of 
adaptive potential. 
 Overally, my dissertation work has shown that, even sans a shift in symbiotic 
partners, the coral host can exhibit a phenotypically plastic, acclimative molecular 
response to thermal stress in relation to recent stress events. Further, we have 
identified putative promoter-like elements upstream of three thermal tolerance genes. 
Taken together, this novel body of research provides direct evidence of coral 
acclimization and potential for adaption, providing critical insights in this time of 
global change. 
5.2 Future investigations 
 This dissertation lays the groundwork for several future lines of research. 
Future work should be focused around three important aims: 
1) Metatranscriptomics of long-term coral acclimization 
2) Identifying the epigenetic basis of coral acclimatization 
3) Adaptation of corals to warmer climate 
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4) Characterization of promoter polymorphisms 
 In my dissertation, evidence for rapid host-based acclimatization has been 
shown. However, further work should undertake the experimental determination of 
tolerance longevity. Future studies should make use of modern metatranscriptomics, 
to capture not just the host transcriptome, but also the gene expression patterns of the 
resident Symbiodinium and potentially prokaryotic consortia, as transcriptomics of 
acclimatization of these micrbial symbiotic partners remains unknown. Such studies 
will identify how long tolerance from acclimation persists, as well as the 
contributions of the entire holobiont to the heat-tolerant phenotype. 
 Despite previous literature suggesting an acquired thermal tolerance as well as 
support for genotype-independent acclimatization in Chapter Two, the epigenetic 
basis of acquired thermal tolerance of corals remains to be identified. Full-genome 
coverage methylomics investigations of preconditioned corals exhibiting acquired 
thermal tolerance could be employed to compare methylation patterns with thermally 
sensitive corals. Further, patterns of methylation between the products of 
manipulative experiments and natural pools of sensitive and tolerant corals would 
make for potentially enlightening comparisons. Methylation should not be considered 
the end of the road in coral epigenetic studies; other mechanisms of epigenetic 
marking should be investigated as well, including histone variants and modifications. 
 Despite much conjecture, there has been little effort to determine whether the 
coral host is, in fact, undergoing genetic adaptation to warming seas. The technology 
now exists to undertake this initiative with reasonable economy. For instance, 
genotyping A. millepora across its latitudinal range using restriction site associated 
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DNA sequencing (RADseq) and mapping reads to the genome would allow for the 
identification of loci under selection. 
 Additionally, the identification of polymorphisms in putative promoters of 
inhibitor of NFκB and mannose binding lectin with significantly different frequencies 
between the historically warmer northern region of the Great Barrier Reef and cooler 
southern region deems further investigation. Firstly, it needs to be determined 
whether the apparent structure in the distribution of these polymorphisms in the 
candidate control regions of these thermal tolerance genes is the result of selection, or 
due to drift and a simple artifact of the populations of origin. Additionally, functional 
investigation of the promoter’s interaction with as-yet unknown transcription factors 
will be necessary to determine the effects of the detected mutations. 
 Ultimately, we are critically lacking in our understanding of the coral stress 
response and mechanisms of acquired thermal tolerance and the adaptive potential of 
the holobiont. More complete information is imperative for the forecast and 
management of coral reefs in coming decades. 
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